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SUMMARY 


A.  TECHNICAL  PROBLEM 

This  project  is  one  part  of  a larger  effort  directed  at  extending  packet 
switching  technology  into  the  area  of  radio  communications.  The  tech- 
nical investigations  are  focused  on  a Packet  Radio  Network  (PRN)  to 
serve  fixed  and  mobile  digital  terminals  in  a tactical  command  and 
control  environment.  The  objectives  of  the  Collins  investigation  are: 

• Perform  research  covering  the  application  of  radio  frequency  tech- 
nology to  packet  switched  communications. 

• Participate  in  the  overall  ARPA  Packet  Communications  Technology 
Program  under  the  guidance  of  the  Packet  Radio  Communications 
Working  Group. 

• Develop  experimental  equipments  to  support  the  Packet  Radio  System/ 
Network  experiments. 

• Recommend  a system  architecture  to  provide  terminal -to- terminal 
security  for  the  packet  switched  radio  network. 

B.  GENERAL  METHODOLOGY 

The  approach  to  the  packet  radio  investigation  is  a combination  of  theo- 
retical studies,  equipment  design  efforts,  and  laboratory  experiments. 
Work  has  been  directed  in  each  of  the  following  areas: 

• Radio  Design  and  Studies.  Studies  include  development  of  a design 
plan  for  an  upgraded  packet  radio  and  investigation  of  critical 
issues  and  limitations  in  realizing  a reduced  size  packet  radio. 
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• Experimental  Equipment  Development.  Circuit  design,  fabrication, 
assembly,  and  testing  of  three  packet  radios  of  upgraded  design, 
including  software  development.  Build  and  test  of  nine  packet 
radios  of  the  existing  design. 

• System  Support.  Providing  support  for  equipment  integration  into 
the  experimental  test  site,  including  reconfiguration  of  equipment 
and  software. 

C.  TECHNICAL  RESULTS 

Specific  results  and  accomplishments  made  during  the  past  quarter  include 
the  following: 

1)  The  balance  of  the  original  packet  radios  have  been  completed. 

Seven  PRs  have  now  been  transferred  to  the  test  bed. 

2)  A draft  of  the  design  plan  for  the  upgraded  packet  radio  has  been 
completed. 

3)  The  revision  to  the  "PR  Channel  Access  Protocol"  has  been  written, 
documented,  and  transferred  to  the  test  bed.  The  "Process  Control 
Program"  (PCP)  has  been  revised  to  incorporate  SPP  and  has  been 
documented  and  transferred. 

4)  The  reduced  size  PR  study  has  been  completed  and  the  final  report 
is  included  in  this  quarterly  report. 

D.  PLANS  FOR  NEXT  QUARTER  ACTIVITIES 

The  activity  during  the  next  quarter  will  be  focused  on  the  detailed 
design  development  of  the  upgraded  packet  rsdfo.  Development  will  con- 
tinue on  the  build  of  the  nine  packet  radios  of  the  existing  design. 
Software  development  will  include  the  incorporation  of  measurements  into 
the  PR  protocol . 
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INTRODUCTION 


In  order  to  realize  the  full  potential  of  the  packet  switched  radio 
concept  the  radio  units  should  be  small  and  light  weight.  Maximum  system 
flexibility  and  responsiveness  in  a tactical  environment  can  be  achieved 
only  if  the  network  elements  are  highly  mobile  and  versatile.  A self- 
contained  mobile  terminal  that  is  both  small  and  light  enough  to  be  hand- 
carried,  while  maintaining  performance  requirements,  would  allow  the 
highest  degree  of  mobility.  To  this  end,  an  investigation  of  size  reduction 
of  a packet  radio  was  initiated  with  two  primary  objectives  in  mind.  These 
objectives  were:  1)  to  identify  in  specific  terms  the  set  of  constraints 

to  size  reduction  of  a packet  radio;  and  2)  to  explore  a set  of  solutions 
or  alternatives  to  size  reduction  consistent  with  performance  objectives. 

The  major  effort  has  been  devoted  to  investigating  size  reduction  in 
the  transceiver  section  of  the  packet  radio  (as  distinguished  from  the 
digital  section).  This  effort  has  revealed  that  the  implementation  of 
certain  RF  functions  under  performance  requirements  imposed  by  other  cir- 
cuit functions  and  system  network  requirements  present  constraints  to  size 
reduction.  For  example,  surface  acoustic  wave  matched  filters  are  relatively 
small  in  size  and  consume  no  power;  however,  the  local  oscillator  stability 
necessary  for  their  use  causes  the  local  oscillator  system  to  be  large  and 
power  consuming.  As  an  example  of  how  the  system  network  requirements 
impact  size  in  packet  radio,  consider  an  increase  in  transmit  power  require- 
ment. The  number  of  stages  in  the  transmit  chain  increases,  efficiency 
drops  and  power  dissipation  increases,  causing  the  heatsink  requirements  to 
increase.  More  transmit  power  and  reduced  efficiency  causes  increased 
energy  source  drain  which  in  turn  causes  the  energy  source  size  to  increase. 
It  is  these  interrelations  and  their  impact  size  that  have  been  examined 
and  described  in  this  report. 

This  investigation  concludes  that  the  major  constraining  functional 
areas  to  size  reduction  in  packet  radio  are:  1)  RF  power  amplification, 

2)  frequency  generation,  3)  filtering,  4)  enefgy  storage  and  5)  packaging. 
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It  is  in  these  functional  areas  that  significant  contributions  to  size 
reduction  can  be  made.  A broad  spectrum  of  approaches  has  been  considered 
for  achieving  size  reduction  in  these  areas.  This  includes  relaxing  or 
eliminating  some  system  imposed  performance  measures,  exploring  new  and 
more  efficient  techniques  to  circuit  realizations,  and  exploiting  the 
advantages  of  developing  technologies.  A significant  size  reduction  can 
be  achieved  for  a reduced  power,  single  channel,  single  data  rate,  non- 
modular  packet  radio. 

Several  developing  technologies  have  been  examined  and  those  that 
will  have  significant  Impact  on  packet  radio  Include:  1)  the  surface 

acoustic  wave  oscillator,  2)  charge-coupled  devide  matched  filter,  and 
3)  rechargeable  Lithium  electrochemical  cells.  If  the  long  term  stability 
of  the  surface  acoustic  wave  oscillator  can  be  Improved,  Its  small  size 
and  low  power  consumption  would  represent  the  answer  to  the  frequency 
generation  problem  In  small  packet  radios.  Charge-coupled  device  signal 
processing  In  packet  radio  shows  considerable  promise.  These  applications 
Include  matched  filtering,  delay,  and  Integration.  Charge-coupled  device 
matched  filters  In  packet  radio  have  the  potential  for  very  small  size, 
increased  flexibility,  and  Increased  reliability.  Lithium  electrochemical 
cells  have  the  highest  energy  densities  of  any  available  electrochemical 
system,  but  they  do  not  currently  exist  as  rechargeable  units. 

The  results  of  the  Investigation  of  size  reduction  In  packet  radio  are 
described  In  three  major  sections  that  follow.  Section  2.0  addresses 
those  functions  In  packet  radio  as  subsections  that  are  considered  con- 
straints  to  size  reduction.  Within  these  functional  areas,  basic  limiUtlons 
are  highlighted  that  Impact  the  size  of  the  packet  radio.  Section  3.0 
discusses  various  alternative  solutions  and  techniques  to  relieve  ttiese 
constraints.  Sections  2.0  and  3.0  are  similarly  organized  to  permit  ease 
of  correlation  between  constraints  and  limitations  In  a given  functional 
area  and  potential  solutions  to  size  reduction.  The  last  section  presents 
a design  plan  description  of  a hand-held  packet  radio  utilizing  current 
technology  and  applying  many  of  the  techniques  described  In  Section  3.0. 
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2.0  BOTTLENECKS  TO  SIZE  REDUCTION  lU  PACKET  RADIO 

2.1  General  \ 

\ 

The  size  of  packet  radio  is  the  result  of  iniplementing  a specific  set 
of  features  such  as  the  amount  of  power  to  be  transmitted,  the  ability  to 
select  one  of  twenty  channels  for  tranceiver  operation,  the  use  of  a spread 
spectrum  modulation  technique,  etc.  These  features  find  their  origin  in 
the  packet  radio  system  specifications  and  in  most  cases  impose  stringent 
performance  requirements  on  the  functions  within  packet  radio.  Stringent 
performance  requirements  caused  size  reduction  in  many  functional  areas  of 
packet  radio  to  be  difficult.  Those  functional  areas  considered  to  offer 
major  resistance  to  size  reduction  are  RF  power  amplification,  frequency 
generation,  filtering  (including  matched  filtering),  energy  storage  and 
packaging.  The  relationship  between  the  functional  areas  of  RF  power  ampli- 
r ) fication,  frequency  generation,  and  matched  filtering  and  other  functions  in 

the  radio  section  of  packet  radio  is  diagramed  in  Figure  2.1.1. 

The  primary  thrust  of  the  investigation  into  size  reduction  was  concen- 
trated in  the  functional  areas  outlined  above  and  as  such,  was  focused  on  the 
transceiver  section  of  packet  radio.  The  application  of  large  scale  integra- 
tion to  digital  functions  has  been  proven.  This  is  not  true  of  the  RF  analog 
functions.  Monolithic  integration  does  not  offer  the  means  to  miniaturization 
for  the  RF  functions  as  it  does  for  the  digital  functions. 

When  a given  function  in  packet  radio  is  implemented,  the  volume  and 
weight  consumed  is  a result  of  the  interactive  combination  of  packet  radio 
system  requirements,  requirements  imposed  by  other  functions,  and  limita- 
tions that  arise  from  the  technology,  materials,  or  techniques  employed. 

The  purpose  of  this  section  is  to  identify  the  set  of  requirements,  regard- 
less of  origin,  and  the  set  of  limitations  in  each  functional  area  that 
serve  to  constrain  size  reduction.  It  became  apparent  during  the 
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investigation  that  in  order  to  identify  a meaningful  set  of  requirements 
and  limitations,  one  must  understand  the  interrelationships  existing  between 
various  functions  in  packet  radio  and  the  impact  on  these  functions  that 
the  packet  radio  system  requirements  impose.  Therefore,  a secondary  objective 
of  Section  2.0  is  to  provide  a description  of  the  interrelationships. 

In  the  discussions  that  follow,  the  issues  associated  with  RF  power 
amplification  are  presented  in  Subsection  2.2.  How  limitations  on  power 
output,  gain,  and  efficiency  of  transistor  amplifiers  affect  circuit  area 
required,  the  size  of  the  heatsink  and  the  size  of  the  power  source  are  ana- 
lized.  Subsection  2.3  points  out  how  stability  requirements  and  operating 
frequency  relate  to  size  of  the  local  oscillator.  The  problems  associated 
with  realizing  small  low  loss  filters  are  identified  in  Subsection  2.4.  The 
limitations  of  surface  acoustic  wave  matched  filters  as  they  relate  to  packet 
radio  requirements  are  also  presented.  Energy  storage  is  a serious  constraint 
to  size  reduction.  Subsection  2.5  explores  the  size  of  the  energy  source  and 
its  relation  to  fundamental  electrochemical  principles.  Finally,  Subsection 
2.6  discusses  issues  associated  with  package  design  of  the  packet  radio  in- 
cluding trade  off  between  size  reduction  and  modularity. 
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RF  Power  Amplification 


The  function  of  RF  power  amplification  contributes  to  the  size  of 
packet  radio  in  three  areas:  1)  circuit  area,  2)  heatsink,  and  3)  power 

source.  The  actual  circuit  area  required  for  generation  a given  amount 
of  power  represents  a smaller  impact  on  total  volume  than  either  the  heat- 
sinking requirements  or  the  size  of  the  power  source  for  maintaining  a 
reasonable  duration  of  operation. 

The  circuit  area  required  for  the  RF  amplifier  chain  is  determined  by 
the  number  of  stages  to  achieve  the  desired  power  out  and  the  approach  to 
realizing  the  matching  networks.  Transistor  amplifiers  operating  at  1800  MHz 
are  capable  of  a maximum  of  ten  watts  output  power  and  power  gains  of  8-10  dB. 
To  achieve  a ten  watt  output  capability,  the  power  amplifier  chain  must  pro- 
vide approximately  50  dB  of  gain  to  the  signal  emerging  from  the  up-converter. 
This  requires  at  least  four  stages  preceding  the  power  amplifier.  The  input 
and  output  matching  networks  of  each  stage  occupy  the  majority  of  the  cir- 
cuit space  required  by  the  amplifier  chain. 

The  heatsink  requirements  arise  from  the  limitation  on  transistor  am- 
plifier efficiency  and  the  need  to  limit  the  junction  temperature  of  the 
active  devices.  The  efficiency  of  the  Class  C saturated  amplifier  at  1800 
MHz  is  limited  to  50%;  the  efficiency  of  amplifiers  operated  Class  A is 
between  10  and  15%.  Since  the  predrivers  are  normally  operated  Class  A,  the 
overall  efficiency  of  the  power  amplifier  chain  is  30  to  40%.  Therefore, 

60%  or  more  of  the  DC  input  power  is  dissipated  as  heat.  The  problem  is 
to  remove  the  heat  with  sufficient  heatsinking  to  avoid  operating  the  tran- 
sistor junctions  at  elevated  temperatures  and  thus  reducing  the  operating 
life  of  the  device.  The  relationship  [1]  between  junction  temperature  and 
the  operating  life  of  typical  microwave  power  transistor  devices  is  illus- 
trated in  Figure  2.2.1 . 

These  curves  indicate  that  no  greater  than  150°C  junction  temperature 
be  maintained  to  insure  a mean  time  to  failure  of  20  years  or  better. 
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The  desired  output  power,  the  efficiency,  and  the  required  supply 
voltages  of  the  power  amplifier  chain  all  influence  the  size  of  the  self- 
contained  power  source.  The  desired  output  power  and  the  efficiency 
interrelate  to  produce  a compound  effect  on  the  energy  requirements.  An 
increased  output  power  will  correspondingly  increase  energy  requirements 
but  also  will  result  in  reduced  efficiency  which  increases  energy  require- 
ments even  more.  Microwave  transistor  amplifiers  require  24-28  volts  for 
optimum  performance,  since  operating  the  amplifiers  at  lower  supply  voltages 
reduces  power  output,  gain  and  efficiency.  In  order  to  provide  supply 
voltages  in  the  range  of  24-28  volts  from  an  electrochemical  system,  a DC- 
DC  converter  would  be  needed  which  further  increases  the  size  of  the  power 
source  and  the  circuit  area. 

Packet  radio  operationally  is  pulsed  system  (low  duty  cycle).  Since 
the  packet  length  (2-20  ms  at  a maximum  duty  cycle  of  50%)  is  much  longer 
than  the  thermal  time  constant  (in  the  order  of  a few  microseconds)  of  the 
semiconductor  junctions,  operation  appear  continuous  with  average  power 
dissipated  determined  by  the  duty  cycle.  Therefore,  the  fact  that  semi- 
conductor junctions  have  finite  thermal  time  constants  is  not  advantageous 
to  minimum  heatsink  design  in  packet  radio. 
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2.3 


Frequency  Generation 


System  decisions,  environmental  operating  conditions  related  to  tem- 
perature and  ruggedness,  and  performance  objectives  for  the  modulator/demodulator 
process  all  conti  ibute  to  the  definition  of  requirements  and  constraints 
for  the  prime  frequency  sources  in  the  packet  radio.  Additionally,  for  a 
small  packet  radio,  the  size  and  power  consumption  levels  of  the  frequency 
generating  circuitry  become  increasingly  important.  Packet  radio,  regardless 
of  size,  needs  a stable  frequency  source  in  the  range  of  1500  to  1800  MHz. 

The  conventional  approach  to  stable  frequency  synthesis  in  the  UHF  and 
microwave  band  employes  stable  crystal  oscillators  followed  by  frequency 
multipliers  and/or  phase-locked  loops  to  achieve  the  required  operating 
frequency.  Local  oscillators  implemented  this  way  assume  the  stability  of 
the  crystal  resonator. 

Quartz  is  usually  chosen  for  the  crystal  resonator  because  of  its  tem- 
perature characteristirs.  For  high  frequency  operation,  face  shear  mode 
vibrations  in  quartz  plates  are  employed  in  which  the  resonant  frequency 
is  determined  by  the  thickness  of  the  plate.  The  usual  fabrication  processes 
limit  the  minimum  thickness  of  the  quartz  plates  to  about  100  pm.  The 
fundamental  mode  of  the  oscillator  occurs  when  the  plate  thickness  equals 
one  acoustic  wavelength.  This  establishes  the  maximum  fundamental  frequency 
at  about  25  MHz.  Resonances  will  also  occur  when  integral  numbers  of 
acoustic  wavelengths  fit  in  the  quartz  plate  thickness.  Overtone  operation 
to  a maximum  of  about  150  MHz  is  possible.  Overtone  operation  is  not  always 
desirable  since  overtone  resonators  can  exhibit  spurious  responses  at 
unwanted  frequencies  in  addition  to  the  set  of  overtone  responses.  Unless 
the  crystal  oscillator  circuits  used  have  relatively  high  selectivity,  and 
consequently  good  stability,  oscillation  at  spurious  frequencies  can 
occur.  [2] 

The  stability  of  a local  oscillator  is  characterized  in  three  time 
frames:  1)  short,  2)  medium,  and  3)  long  term.  Short  term  implies  stability 
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over  a time  interval  of  about  a microsecond  to  a second,  medium  firm  covers 
a time  frame  on  the  order  of  one  hour  to  a day,  and  long  term  implies  a time 
scale  of  a month  to  a year.  Short  term  stability,  when  viewed  in  the  fre- 
quency domain,  is  a measure  of  the  single  sideband  phase  noise  about  the 
carrier.  The  short  term  stability  of  a local  oscillator  is  a function  of 
both  the  crystal  resonator  Q and  the  approach  to  synthesis.  Figure  2.3.1 
shows  how  the  phase  noise  can  vary  in  the  band  about  the  carrier  for  the 
direct  approach  (multiplication)  and  the  indirect  approach  (phase-lock 
system)  to  local  oscillator  synthesis.  Neither  method  offers  any  clear 
advantage  at  small  frequency  offsets  from  the  carrier,  but  the  indirect 
method  gains  the  advantage  as  the  offset  is  increased.  It  is  the  crystal 
resonator  Q that  is  most  important  in  determining  the  short  term  stability. 
Crystal  resonators  operating  in  the  fundamental  mode  generally  have  Q's  in 
the  range  of  10,000  to  100,000.  Short  term  stabilities  of  a few  parts  in 
10^^  can  readily  be  achieved  with  quartz  crystal  oscillators. 

Medium  term  instability  of  the  local  oscillator  is  caused  principally 
by  temperature  variations.  The  frequency-temperature  characteristics  of 
quartz  crystal  resonators  depend  on  how  the  crystal  is  cut  with  respect 
to  the  crystal  lattice  planes.  The  frequency  variation  as  a function  of 
temperature  for  several  cuts  is  illustrated  in  Figure  2.3.2.  Since  the 
AT-cut  exhibits  the  smallest  variation  in  frequency  with  temperature,  it  is 
most  often  used  for  temperature  stable  sources.  The  AT-cut  frequency- 
temperature  characteristics  are  magnified  in  Figure  2.3.3  to  illustrate 
the  limits  of  crystal  stability.  The  cut,  0 = 35°10',  exhibits  the  smallest 
frequency  change  across  the  temperature  range.  For  a temperature  change 
from  0 to  60  degrees,  +5  parts  per  million  (ppm)  is  achieved.  If,  as  in  the 
packet  radio,  the  stability  requirements  on  the  local  oscillator  are  more 
stringent  than  +5  ppm,  temperature  control  or  temperature  compensation  of 
the  crystal  oscillator  is  required. 

Present  temperature  control  techniques  utilize  a heating  element, 
usually  deposited  on  the  quartz  for  maximum  efficiency.  The  quartz  is 
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FIGURE  2.3.1  LOCAL  OSCILLATOR  SHORT  TERM  STABILITY 
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FIGURE  2.3.2  FREQUENCY-TEMPERATURE  CHARACTERISTICS 
OF  VARIOUS  QUARTZ  CRYSTAL  RESONATORS 
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then  maintained  at  an  elevated  temperature  during  transceiver  operation. 
Although  the  temper: :ure  controlled  oscillator  can  be  implemented  in  small 
size,  its  major  disadvantages  are  the  input  power  requirement  for  the 
heating  element  and  warm-up  time  of  several  minutes.  The  power  consumption 
can  be  as  much  as  500  mw  at  0°C. 

The  temperature  compensated  oscillator,  on  the  other  hand,  requires 
low  input  power  and  no  warm-up  time  but  suffers  from  the  large  size  generally 
required  for  the  compensation  network.  Temperature  compensation  networks 
make  use  of  the  non-linear  reactances  (obtained  via  thermistors  and  varactors) 
to  compensate  for  the  frequency  versus  temperature  character  of  the  crystal . 
Conventional  temperature-compensated  crystal  oscillators  with  +1  ppm 
stability  can  occupy  as  much  as  3 cubic  inches  and  consume  50  mw  of  power. 

The  long  term  stability  of  a crystal  resonator  indicates  how  its 
frequency  changes  with  age.  Long  term  stability  is  basically  a function  of 
the  cleanliness  of  the  manufacturing  process.  High  stability  crystals  re- 
quire manufacture  in  clean  rooms  with  purity  to  the  molecular  level.  Long 
term  stabilities  of  1 part  in  10®  per  week  is  generally  the  industry  standard 
for  quartz  crystal  resonators.  [3] 

Because  multiple  temperature-compensated  or  temperature-controlled 
crystal  oscillators  would  be  required  to  achieve  programmability  of  a 
direct  synthesis  approach  to  a local  oscillator,  a phase-lock  system  employ- 
ing a voltage-controlled  oscillator  (VCO)  which  assumes  the  medium  and  long 
term  stability  of  a single  stable  crystal  oscillator  is  generally  the  most 
practical  route.  A block  diagram  of  a programmable  phase-lock  system 
approach  to  frequency  generation  is  presented  in  Figure  2.3.4.  The  phase 
detection  circuitry  compares  the  phase  of  the  frequency  standard  to  the 
divided  output  of  the  VCO  and  if  the  two  signals  differ  in  phase,  an  error 
voltage  is  generated  and  applied  to  the  VCO,  causing  it  to  correct  in  the 
direction  required  for  decreasing  the  difference.  Tr''  correction  procedure 
continues  until  lock  is  achieved,  after  which  the  VCO  will  continue  to 
track  the  incoming  signal.  The  low  pass  filter  filters  the  error  voltage 


FIGURE  2,3.4  PROGRA^WABLE  FREQUENCY  SYNTHESIZER 


and  establishes  the  loop  bandwidth.  The  bandwidth  of  the  loop  filter  along 
with  other  loop  parameters  such  as  loop  gain,  and  VCO  gain  constant  determine 
the  lock-up  time,  pull  in  range,  and  noise  performance.  The  integer  N is 
determined  by  the  logic  levels  on  the  control  lines  and  since  the  loop 
constrains  the  output  frequency  of  the  countdown  circuitry  to  be  the  same 
as  the  standard,  the  VCO  frequency  must  change  for  each  new  value  of  N. 

In  order  to  assure  fast  switching  speed  for  the  programmable  frequency 
synthesizer,  the  countdown  circuitry  has  to  be  fast  and  the  loop  lock-up 
time  has  to  be  short.  Depending  on  the  divide  ratio  and  the  required  switch- 
ing speed,  the  countdown  circuitry  is  power  consuming.  The  countdown  logic 
necessary  to  convert  an  800  MHz  signal  to  400  KHz  consistent  with  1 ms 
switching  speeds  will  consume  between  1 to  2 watts  of  power.  The  VCO  with 
supply  voltage  regulation  will  consume  more  than  one  watt.  Total  power 
budget  of  the  synthesizer  approaches  3 watts.  Since  the  frequency  generation 
circuitry  consumes  power  during  all  modes  of  transceiver  operation,  standby, 
receive,  and  transmit,  3 watts  of  continuous  power  consumption  represents 
a severe  constraint  to  size  reduction. 
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Filter  Functions 


2.4 

Filters  in  communications  systems  are  required  to  discriminate  and 
separate  signals  based  on  some  signal  parameter  such  as  frequency,  phase, 
amplitude,  or  combinations  of  these.  In  this  context,  both  frequency 
filters  and  matched  filters  are  discussed  in  this  section  as  they  relate 
to  the  packet  radio. 

Frequency  Filters 

The  creation  of  unwanted  frequency  components  is  unavoidable 
when  generating  a signal  suitable  for  communications  purpoi.es  or  when 
processing  a received  signal,  frequency  discriminating  filters  are 
required.  Filter  realizations  can  be  quite  varied  depending  on  the  particular 
application.  For  example,  a low  pass  audio  frequency  filter  can  be 
realized  adequately  with  discrete  inductors  and  capacitors,  whereas  in  the 
higher  frequency  ranges  distributed  element  and  cavity  filters  become  more 

attractive. 

The  important  factors  that  characterize  a filter  are  center  frequency, 
bandwidth,  i^kirt  selectivity,  passband  insertion  loss,  inband  ripple,  and 
ultimate  stop  band  rejection.  The  main  elements  of  a filter  are  reac- 
tances--  (inductive  and  capacitive)  achieved  either  through  lumped  or 
distributed  components.  It  is  the  losses  in  these  inductive  and  capacitive 
components  that  limit  many  filter  performance  measures.  Losses  tend  to 
decrease  the  rate  of  attenuation  rolloff  (poorer  skirt  selectivity), 
increase  the  attenuation  within  the  passband  and  in  certain  cases,  prohibit 
the  realization  of  narrow  bandpass  filters  [8].  A conventional  measure 
of  the  quality  of  any  reactance  is  the  quality  factor  Q,  which  describes 
how  many  times  the  reactance  of  an  inductor  or  capacitor  is  greater 
than  its  resistance.  The  quality  factor  Q equivalently  expressed  for  a 
resonant  combination  of  inductors  and  capacitors  is 

r,  Energy  stored 

^ Power  dissipated 
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As  shown  in  Figure  2.4.1,  for  a given  relative  bandwidth  and  a given 
number  of  resonant  sections,  there  is  a minimum  quality  factor  necessary 
to  realize  the  filter. 


In  the  search  for  high  Q resonators  for  effective  filter  design, 
the  piezoelectric  crystal  exhibits  very  high  Q (>10,000)  and  small  size. 
The  crystal  resonator  is  very  good  for  narrow  bandwidth  (less  than  a few 
percent)  filter  applications  below  100  MHz.  It  is  practically  impossible 
to  construct  crystals  whose  fundamental  frequency  is  above  approximately 
25  MHz  since  their  physical  dimensions  become  so  small  that  good  quality 
crystals  cannot  be  produced.  Harmonic  operation  is  possible  above  30  MHz, 
but  unpredictable  spurious  responses  discourage  the  use  of  crystal  filters 
except  for  very  low  percentage  bandwidths. 


Microwave  filters  are  designed  using  distributed  reactances. 

Filter  elements  may  be  realized  from  sections  of  transmission  line. 

The  impedance  of  a section  of  transmission  line  can  behave  as  a capac- 
itance, inductance,  series  resonator,  or  parallel  resonator  depending 
on  the  lelationship  between  the  length  of  the  line  and  the  wavelength. 
Sections  of  transmission  line  can  be  made  to  have  relative  high  Q and 
therefore  are  used  extensively  in  microwave  filters.  Since  parallel 
and  series  resonant  circuits  are  realized  with  shorted  and  opened  quarter- 
wave  length  transmission  lines,  the  size  of  the  filter  depends  on  the  center 
frequency  and  dielectric  constant  of  the  transmission  line  dielectric. 

Figure  2.4.2  shows  how  a quarter-wave  section  of  transmission  line  changes 

with  dielectric  constant. 


Cavity  filters  are  another  category  of  distributed  element  filters 
whose  high  Qs  make  them  attractive  at  microwave  frequency.  Cavity  resonators 
usually  constructed  with  highly  conductive  walls  can  have  very  low  losses 
and,  therefore,  very  high  Qs.  Characterization  of  cavity  resonators  may 
best  be  done  using  the  principle  of  electromagnetic  theory;  however,  their 
behavior  at  frequeiicies  on  or  near  resonance  is  similar  to  lumped  circuits. 
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Number  of  resonators 


FIGURE  2.4.1  RELATIVE  MINIMUM  UNLOADED  Q FOR  BUTTERWORTH 
AND  CHEBYSHEV  FILTERS 


FIGURE  2.4.2  WAVEIENGTH  AND  ASPECT  RATIOS  VERSUS 
DIELECTRIC  CONSTANT  FOR  STRIPLINE 


A given  cavity  can  have  many  possible  modes,  and  for  each  mode,  the  resonant 
frequency  is  determined  by  the  mode,  the  cavity  dimensions,  and  the 
constants  of  the  dielectric  filling  the  cavity.  For  simple  cavities  the 
cavity  dimensions  must  be  on  the  order  of  a half-wave  length  to  satisfy 
the  electric  and  magnetic  field  boundary  conditions  at  the  frequency  of 
interest  [9  ].  To  summarize,  high  Q cavity  resonators  can  produce  very  low 
loss  filters,  but  their  size  and  weight  make  them  unattractive  for  small 
radio  applications. 

Matched  Filters 


Surface  acoustic  wave  devices  (SAWD's)  are  used  in  the  packet  radio  as 
matched  filters  in  the  modulation/demodulation  of  minimum-shift-keyed  (MSK) 
signaling  waveforms.  SAW  devices  offer  several  advantages  over  conventional 
signal  generators  and  matched  filters  in  communications  systems  applications. 

In  comparison,  SAW  devices  are  small,  simple,  and  offer  efficient  and 
economical  solutions  to  the  synchronization  of  spread  spectrum  sequences  [10]. 

The  capabilities  and  limitations  of  SAWD's  as  matched  filters  the 
packet  radio  define  the  performance  criteria  for  many  functional  blocks.  Most 
performance  limitations  of  SAWD's  are  direct  functions  of  the  physical 
properties  associated  with  the  propagation  of  acoustic  waves  of  the  crystal 
substrate  material.  Surface  wave  propagation  constants  of  various  common 
substrate  materials  are  listed  in  Table  2.4.1.  Lithium  Niobate  (LiNbO^) 
has  the  highest  piezoelectric  coupling  coefficient.  ST  quartz  has  the 
smallest  temperature  coefficient  of  delay.  Bismuth  Germanium  Oxide  (Bi-|2Ge02Q) 
exhibits  the  lowest  acoustic  velocity.  These  properties  imply  that  devices 
constructed  using  LiNbO^  have  the  lowest  insertion  loss;  those  built  on 
ST  quartz  have  the  most  stable  temperature  characteristics,  and  Bi^2^®°20 
provides  the  longest  delay  time  for  a given  substrate  size. 

The  insertion  loss  of  SAWD  matched  filters  is  defined  as  the  ratio  of 
the  power  in  the  correlation  peak  to  the  power  in  the  input  waveform.  There 
are  several  loss  mechanisms  responsible  for  the  high  insertion  loss  of  SAWD 
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TABLE  2.4.1  SURFACE  WAVE  CHARACTERISTICS  OF  VARIOUS  SUBSTRATES 


matched  filters.  An  approximation  to  the  insertion  loss  due  to  the  trans- 
ducers can  be  made  based  upon  the  fractional  bandwidth  and  Q of  the  device. 
Hartmann  et  al  [11]  have  developed  graphs  of  insertion  loss  for  two  trans- 
ducers on  various  substrates  (see  Figure  2.4.3).  For  bandwidths  greater  than 
about  5%  on  quarts  the  device  Q is  quite  large.  Thus,  if  the  device  is 
simply  conjugately  matched  the  overall  response  will  be  too  narrow  for  the 
signal  of  interest.  Hartmann's  curves  assume  a matching  resistance  is 
placed  across  the  device  terminals  to  achieve  the  required  circuit  Q.  These 
curves  do  not  include  parasitic  effects  which  can  be  substantial.  For 
broadband  transducers,  parasitic  capacitance  typically  accounts  for  3-7  dB 
of  loss  while  the  parasitic  resistance  and  capacitance  of  the  coded  trans- 
ducer contributes  3-5  dB.  SAWD's  used  in  packet  radio  have  center  frequencies 
of  67  MHz;  the  input  transducer  is  required  to  have  a fractional  bandwidth 
of  approximately  30%;  the  coded  transducer  fractional  bandwidth  requirement 
is  about  20%.  When  the  transducer  losses  for  ST  quartz  obtained  from  Figure 
2.4.3  are  combined  with  parasitic  losses,  the  losses  can  be  greater  than  50  dB. 
However,  when  the  correlation  or  processing  gain  (21  dB  for  128  chips/bit) 
is  taken  in  consideration,  cne  insertion  loss  is  about  30  dB.  This  kind  of 
insertion  loss  means  that  signals  emerging  from  SAWD  matched  filters  must 
be  amplified  to  re-establish  reasonable  levels  for  further  processing. 

The  center  frequency  or  frequency  of  maximum  response  of  a SAWD  trans- 
ducer is  determined  by  the  finger  spacing 

fp  * v/d 

where  v is  the  acoustic  wave  propagation  velocity  and  d = is  the  acoustic 
wavelength  at  frequency  f^.  For  low  frequencies,  below  30  MHz,  transducers 
become  inconveniently  large.  Standard  photolithography  can  produce  finger 
widths  down  to  about  1.5  /jm  or  a f^  of  500  MHz.  For  narrower  fingers,  electron 
beam  techniques  must  be  used  to  make  the  original  mask  although  reproduction 
from  the  mask  can  be  achieved  using  optical  techniques.  This  method  of 
fabricatiorj  and  the  propagation  losses  encountered  at  frequencies  above  200 
MHz  restrict  SAWD  application'^  to  below  a few  gigahertz  [12]. 


The  center  frequency  of  the  SAWD  mdtched  filter  in  packet  radio  estab- 
lishes the  IF  frequency.  Flexibility  of  the  IF  frequency  could  allow  an 
optimum  choice  to  be  made  based  upon  the  many  functional  requirements  of 
packet  radio.  From  a fabrication  standpoint,  flexibility  in  the  center 
frequency  of  a SAWD  is  easily  obtained,  at  least  between  30  and  500  MHz. 

From  an  applications  standpoint,  SAWD  matched  filters  are  used  in  packet 
radio  for  the  differentially  coherent  detection  of  10  ps  MSK  waveforms. 

A functional  block  diagram  of  differentially  coherent  MSK  detection  incorpor- 
ating a surface  acoustic  wave  device  is  presented  in  Figure  2.4.4.  The  SAWD 
matched  filter  is  designed  for  a given  center  frequency  of  operation.  It 
can  be  shown  that  any  offset  between  the  effective  center  frequency  of  the 
device  and  the  IF  frequency  causes  a degradation  in  the  performance  of 
the  detection  process.  A given  frequency  offset  corresponds  to  a certain 
phase  error  across  the  length  of  the  device.  Figure  2.4.5  shows  how  the  signal- 
to-noise  ratio  and  the  hybrid  output  channels  ratio,  e/a,  degrades  as  a 

function  of  phase  error  and  the  amplitude  imbalance, 6 , that  could  exist 
between  signals  A and  B at  the  hybrid  input  ports.  The  e/a  is  the  quantity 
upon  which  the  bit  decision  is  made  and  theoretically  is  very  large  for  an 
ideal  device.  If  acceptable  performance  can  be  established  at  > 14  dB 
E/A,  for  a 10 /js  device,  this  corresponds  to  a maximum  phase  of  error  of 
0.4  radians  or  a maximum  frequency  offset  of  6.4  KHz. 

Contributions  to  the  total  frequency  offset  arises  from  several  sources. 

Local  oscillator  instability  of  both  the  transmitter  and  receiver  can  cause 
the  IF  frequency  to  deviate  from  A local  oscillator  at  1500  MHz  with 
a stability  of  +1  ppm  will  cause  a maximum  deviation  of  +1500  Hz.  This  maximum 
increases  to  +3  KHz  when  both  the  transmit  and  receive  LO  instabilities  are 
taken  in  consideration.  As  discussed  earlier,  the  propagation  velocity  of 
the  acoustic  waves  for  a given  finger  spacing  determines  the  center  frequency. 

The  propagation  velocity  is  a function  of  temperature;  therefore,  the  SAWD 
center  frequency  becomes  temperature  sensitive.  ST  quartz  has  a zero  first  order 
temperature  coefficient  of  delay,  but  the  second  order  coefficient  is  not 
zero.  It  is  parabolic  as  shown  in  Figure  2.4.6  and  for  a temperature  variation  of 
+35“C,  the  frequency  is  subject  to  change  -38  ppm.  (Notice  that  the  frequency 
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O change  is  always  negative  if  the  nominal  operating  temperature  is  chosen  to 

be  T which  is  about  20®C  for  ST  quartz).  At  70  and  300  MHz,  expected 
0 

frequency  offset  could  be  as  large  as  -2.66  KHz  and  -11.4  KHz  respectively. 

A third  major  source  of  frequency  offset  error  is  crystal  orientation  errors. 

ST  quartz  crystals  are  cut  to  an  accuracy  of  +15  minutes  of  the  ST  angle 
(0  = 42.75®).  From  Figure  2.4.7(a)  the  maximum  frequency  change  can  be 
determined  if  the  crystal  orientation  errors  are  known.  Since  the  contributions 
to  frequency  change  are  small  for  small  values  of  0 and  >p , these  angles 
are  assumed  zero.  Therefore,  for  0 of  j^l5  minutes,  the  frequency  offset 
can  be  as  much  as  ^85  ppm.  This  is  ^6  KHz  at  70  MHz  and  +25.5  KHz  at 
300  MHz.  A summary  of  the  worst  case  frequency  error  contributions  are 
presented  in  Table  2.4.2.  Recalling  that  ± 6.4  KHz  maximum  total  frequency 
offset  will  maintain  a z/A  of  dB,  it  is  clear  from  Table  2.4.2  that 
designing  for  worst  case  situations  is  difficult  if  not  impossible  to  do, 
since  z/A  degradation  is  severe  at  both  center  frequencies  shown.  However, 
it  is  also  clear  from  Table  2.4.1  that  using  compensation  techniques  one  can 
come  much  closer  to  achieving  a maximum  total  frequency  offset  of  + 6.4  KHz 
L more  readily  at  70  MHz  than  300  MHz.  Therefore,  one  concludes  that  there  is 

not  much  flexibility  in  the  frequency  of  operation  of  SAWD  matched  filters 
for  packet  radio  applications  unless  measures  are  taken  to  reduce  error  con- 
tributions from  the  primary  error  sources  listed  in  Table  2.4.2. 


The  propagation  velocity  of  the  acoustic  wave  determines  for  the  most 
part  the  size  of  the  SAWD  matched  filter.  For  differentially  coherent 
detection  of  MSK  in  packet  radio,  a 20  p waveform  is  required  in  the  device. 

For  a propagation  velocity  in  quartz  of  about  7.5  us  per  inch,  the  SAWD 
is  at  least  2.5  inches  long  and  is  actually  about  3 inches  including 
input  transducer.  The  actual  crystal  dimensions  are  0.3"  x 3"  x .025". 

Since  the  propagation  velocity  is  independent  of  frequency,  the  transducer  repre- 
sents the  only  change  in  crystal  dimensions  for  a change  in  operating  frequency. 
The  size  of  the  SAWD  matched  filter  is  further  increased  by  the  need  for  matching 
networks  at  its  input  and  output  ports.  These  networks  in  discrete  form  can 
consume  considerable  space  in  comparison  to  the  crystal  itself.  The  overall 
package  dimensions  of  the  20  )is  SAWD  matched  filter  is  1.6"  x 4"  x 0.42". 
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The  greatest  impact  on  the  size  of  the  packet  radio  due  to  the 
SAWD  matched  filter  is  indirect  through  its  center  frequency  limits  (need 
for  low  IF),  frequency  stability  (increased  stability  of  the  frequency 
sources)  and  insertion  loss  (need  for  additional  amplification). 


70  MHZ 


300  MHZ 


Af  Af 

LO  (+  1 PPM)  I + 3 KHZ  +3  KHZ 


TABLE  2.4,2  WORST  CASE  FREQUENCY  ERRORS  TOR  SAWD  MATCHED 

FILTER  AT  70  MHz  AND  300  MHz 
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Energy  Storage 


Although  much  activity  in  recent  years  has  been  directed  at  the 
development  of  small  high  density  power  sources  for  mobile  systems,  this 
activity  has  not  kept  pace  with  miniaturization  in  electronics  and  pack- 
aging. Therefore,  the  power  source  in  the  packet  radio  represents  one 
of  the  most  challenging  constraints  to  size  reduction. 

One  of  the  most  common  and  practical  approaches  to  energy  storage 
is  the  electrochemical  system.  The  electrochemical  system  is  one  where 
the  energy  is  stored  in  the  form  of  chemical  energy;  i.e.,  active  materials 
that  take  part  in  chemical  reactions  to  provide  an  electric  current.  The 
characteristics  of  an  electrochemical  system  (cell  or  battery)  are  largely 
determined  by  the  properties  of  the  active  materials  involved  in  the 
chemical  reactions.  As  many  combinatios  of  active  materials  are  possible, 
the  number  of  cells  available  with  differing  characteristics  are  many. 

In  1834  Faraday  formulated  his  fundamental  law  of  the  relation  be- 
tween the  amount  of  electrochemical  action  and  the  quantity  of  electricity 
passing  through  a cell.  The  first  part  of  Faraday's  law  states  that  the 
chemical  effects  produced  at  the  electrodes  by  the  passage  of  an  electric 
current  are  in  direct  proportion  to  the  magnitude  of  the  current  and  the 
time  that  it  flows.  This  law  establishes  the  relationship  between  the 
output  of  battery  and  the  amount  of  activ?  Hiaterials  that  it  contains. 

The  second  part  of  Faraday's  law  states  that  quantities  of  various  sub- 
stances, which  are  liberated  or  consumed  by  the  action  of  a given  quantity 
of  electricity,  are  in  all  i.ases  proportional  to  the  equivalent  weights. 
That  is,  the  quantity  of  electricity  (96,500  coulumbs  or  28.80  ampere- 
hours)  that  liberates  one  gram--equi valent  weight  is  the  same  for  all 
substances.  This  quantity  has  been  named  the  "faraday"  and  it  is  a funda- 
mental constant  of  electrochemistry.  [15] 

One  consequence  of  Faraday's  law  is  that  is  allows  the  calculation 
of  the  theoretical  maximum  energy  density  of  a given  electrochemical  system. 
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Since  a gram-equivalent  weight  of  a substance  is  determined  from  its  atomic 
weight  and  valence,  it  follows  that  the  lightest  oxidizing  and  reducing 
agents  available  will  result  in  the  highest  energy  density  systems.  Table 
2.5.1  [16]  provides  a comparison  of  the  chemical  properties  of  common 
types.  Notice  that  lithium  is  the  best  reducing  agent  since  it  has  the 
highest  oxidation  potentital.  It  is  the  lightest  of  all  reducing  agents 
and  has  the  highest  ampere-hour  capacity  per  gram.  Among  the  best  light- 
weight oxidizing  agents  are  oxygen  and  air,  the  halogens  (flourine,  chlorine, 
bromine,  etcl),  sulphur,  and  metallic  compounds  of  these.  [17] 

Practical  limitations  in  battery  technology  cause  the  achievable 
energy  densities  to  be  much  less  than  the  theoretical  maximum  that  may  be 
determined  with  Faraday's  law.  One  reason  is  that  the  active  material  taking 
part  in  the  reaction  is  seldom  more  than  25%  of  the  total  active  material 
present  [15].  Table  2.5.2  provides  electrical  characteristics  of  some  non- 
reversible  (primary)  electrochemical  ceils;  Table  2.5.3  presents  the  relevant 
electrical  characteristics  for  reversible  (secondary)  cells.  [18]  The  sec- 
ondary cells  tend  to  have  lower  energy  densities  on  the  average  as  compared 
to  primary  cells.  However,  primary  cells  have  limited  power  density  (power 
density  is  the  rate  of  energy  output).  The  silver-zinc  secondary  cell 
exhibits  the  highest  energy  density  of  the  common  secondary  cells— 50  watt- 
hours  per  pound.  While  50  watt-hours  per  pound  is  hardly  enough  for  many 
applications  requiring  small  high  density  power  sources,  it  does  compare 
favorably  with  many  of  the  most  common  secondary  systems.  For  reasons  pre- 
sented earlier,  lithium  provides  the  highest  energy  density  of  all  the  cells 
discussed. 

The  power  consumption  requirements  for  a small  packet  radio  could  be 
5 to  10  watts  continuous  average  power.  If  it  is  desired  that  the  duration 
of  operation  between  battery  change  or  recharge  is  10  hours,  the  energy 
storage  requirement  is  50  to  100  watt-hours.  From  Table  2.5.3  the  worst 
case  situation  would  require  2-1/2  pounds  silver- zinc  battery  occupying 
more  than  40  cubic  inches.  The  same  worst-case  condition  can  be  met  with 
a one-pound  12  cubic  inch  lithium  battery.  Clearly,  the  inability  to  pro- 
vide very  small  lightweight  energy  sources  represents  one  of  the  major 
bottlenecks  to  size  reduction  in  packet  radio. 


All  current  electrochemical  systems  are  far  from  realizing  their 
maximum  energy  densities  and  improvements  can  be  expected.  New  combinations 
of  materials  are  being  explored.  However,  those  materials  believed  to  have 
the  ability  to  provide  the  highest  energy  density  electrochemical  systems 
are  currently  under  investigation.  Some  lithium  cells  currently  under 
laboratory  development  have  demonstrated  energy  densities  greater  than 
200  watt-hours  per  pound.  [19]  It  is  energy  densities  of  this  magnitude 
and  greater  where  the  energy  source  would  cease  to  be  a constraint  to  size 
reduction  in  packet  radio. 


TABLE  2.5.1 


CHEMICAL  PROPERTIES  OF  COMMON  REDUCING 
AGENTS  IN  ELECTROCHEMICAL  SYSTEMS 


REDUCING 

AGENT 

ATOMIC 

WEIGHT 

OXIDATION 

POTENTIAL 

AMPERE-HOUR 
PER  GRAM 

CADMIUM 

112.40 

+0.403 

0.477 

COPPER 

63.54 

-0.337 

0.840 

IRON 

55.85 

+0.440 

1.440 

LEAD 

207.21 

+0.126 

0.517 

LITHIUM 

6.94 

+3.045 

3.862 

MAGNETIUM 

24.32 

+2.370 

2.204 

NICKEL 

58.71 

+0.250 

0.913 

SILVER 

107.87 

-0.799 

0.248 

SODIUM 

22.49 

+2.714 

1.166 

ZINC 

65.37 

+0.763 

0.820 

C 


f 
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TABLE  2.5.3  SECONDARY  ELECTROCHEMICAL  CELLS 


Relative  cost,  rated 
on  a scale  of  4 for 
maximum 


2.6 


Packaging  and  Interconnects 


Much  of  the  overall  size  and  weight  of  the  existing  packet  radio 
design  can  be  attributed  to  its  intended  mission  and  experimental  nature. 
Designing  packet  radio  for  an  experimental  system  required  building  in 
flexibility  and  versatility.  It  is  the  ability  to  change  parameters,  modes 
of  operation,  thresholds,  etc.,  and  to  observe  the  system's  response  that 
was  paramount  in  the  experimental  system  design. 

One  design  approach  to  assuring  a high  degree  of  flexibility  is 
modular  subassemblies.  Each  major  function  (frequency  synthesis,  bit 
synchronization,  data  detection,  etc.)  becomes  a separate  plug-in  module. 
Desired  changes  in  major  function  areas  may  be  incorporated  by  simply 
replacing  the  redesigned  module,  resulting  in  minimal  impact  on  the  rest 
of  packet  radio.  In  a system  using  modular  subassemblies,  the  module  size 
is  fixed  or  nearly  fixed  with  one  dimension  allowed  to  change,  usually  in 
discrete  steps.  Since  all  circuit  functions  do  not  require  the  same 
amount  of  space,  an  optimum  module  size  is  chosen  where  some  circuit  func- 
tions are  hard  pressed  to  be  contained  while  other  functions  may  consume 
little  more  than  half  the  available  space.  Therefore,  modularity  resticts 
the  optimum  allocation  of  volume. 

The  path  and  physical  supporting  structure  by  which  a signal  moves 
from  one  processing  point  to  the  next  is  an  interconnect.  Interconnects 
occupy  considerable  space  in  the  packet  radio.  Moreover,  the  problem  of 
space  consuming  interconnects  is  increased  by  the  modular  approach  since 
a whole  system  of  interconnects  must  be  provided  to  allow  the  plug-in 
modules  to  talk  to  each  other. 

The  thermal  design  of  the  packet  radio  package  has  considerable 
impact  on  the  size  of  the  system.  A sufficient  heatsink  must  be  provided 
to  ensure  that  component  life  or  performance  is  not  adversely  affected. 

For  a given  set  of  conditions,  the  power  dissipated  and  the  allowable 
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temperature  rise,  the  size  of  the  heatsink  depends  on  the  thermal  impedance 
between  source  and  sink.  Therefore,  minimizing  thermal  impedance  for 
minimum  heatsink  size  is  a basic  concern  of  the  package  design. 

For  a small  packet  radio,  especially  a hand-held  unit,  the  surface 
temperature  of  the  heatsink  may  allow  acceptable  performance  for  the  radio 
unit  but  maybe  unacceptable  from  a human  factors  standpoint.  Figure  2.6.1 
illustrates  the  cube  size  and  surface  area  required  to  dissipate  a given 
amount  of  power  and  keep  the  surface  temperature  within  a given  range  of 
ambient  (only  convection  cooling  from  five  surfaces  of  the  cube  is  con- 
sidered in  the  calculations).  For  four  watts  of  power  dissipated  in  the 
cube,  the  surface  area  required,  to  maintain  the  surface  temperature  within 
30  degrees  of  ambient,  is  about  85  square  inches.  Reducing  the  allowed 
differential  by  one-half  increases  the  surface  area  by  more  than  2-1/2 
times.  This  demonstrates  one  of  the  most  fundamental  constraints  to  real- 
ization of  a reduced  size  packet  radio.  Transferring  the  heat  out  of  a 
small  volume  and  maintaining  a AT  that  allows  a man  to  handle  the  device  is 
central  to  the  discussion  of  constraints. 
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CUBE  SIZE  (INCHES) 


SURFACE  AREA  (SQUARE  I ICHES) 
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3.0 


ALTERNATIVE  SOLUTIONS  TO  SIZE  REDUCTION  IN  A PACKET  RADIO 


U 

Limitations  and  constraints  to  size  reduction  in  the  packet  radio  for  several 
functional  areas  were  identified  in  Section  2.0.  The  functions  considered  the 
most  difficult  to  reduce  in  size  are  HF  power  amplification,  frequency  generation, 
filtering,  energy  storage,  and  packaging.  The  purpose  here  is  to  discuss  solutions 
and  alternatives  in  several  of  these  functional  areas,  In  general,  these  solutions 
and  alternatives  entail  relaxing  or  eliminating  certain  capabilities  of  the  packet 
radio,  employing  new  technologies  for  more  efficient  circuit  realizations,  and 
exploiting  the  potentials  of  developing  technologies. 


When  the  capabilities  of  the  existing  packet  radio  unit  are  considered, 
that  is,  its  ability  to  function  as  a station  front-end,  repeater,  or  terminal 
in  an  experimental  packet  radio  network,  clearly  the  available  volume  has  been 
well  utilized.  Therefore,  since  it  is  not  possible  to  maintain  all  the  capa- 
bilities of  the  existing  packet  **adio  and  because  it  is  very  desirable  to  have 
( a small  packet  radio  terminal,  one  avenue  to  size  reduction  is  to  define  a set 

of  desirable  features  for  terminal  operation  only.  While  this  allows  the  selection 
of  a subset  of  the  capabilities  of  the  existing  packet  radio  for  the  terminal 
unit,  other  features  such  as  an  on-board  power  source  and  the  input-output 
capability  become  important.  Although  many  of  the  means  to  size  reduction  are 
general  and  would  be  applicable  to  any  packet  radio  element,  regardless  of  its 
network  function,  the  underlying  assumption  in  the  discussions  that  follow  is 
a packet  radio  intended  for  terminal  operation. 

The  solutions  and  alternatives  are  presented  in  the  following  six  sub- 
sections. Subsection  3.1  describes  the  effect  of  reduced  RF  power  out  and 
mobile  operation  on  repeater-to-terminal  range.  For  three  watts  output  power, 
the  worst  case  range  limit  for  99  percentile  detection  probability  is  0.4 
miles.  Subsection  3.2  proposes  using  lumped  element  components  and  chip-carrier 
circuitry  to  achieve  reduced  size  in  the  power  amplifier  chain.  Using  these 
techniques  a 35  dB  gain  6 watt  power  out  amplifier  chain  operating  at  2.2  GHz 
occupying  less  than  one  square  inch  of  circuit  space  has  been  reported  in  the 
literature. 
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Hybrid  large  scale  integration  appears  to  be  the  answer  to  smaller  temper- 
ature compensated  crystal  oscillators  described  in  Subsection  3.3.  A developing 
technology,  the  surface  acoustic  wave  oscillator,  is  also  described  and  is  seen 
to  possess  many  attractive  features  for  a small  packet  radio.  How  size  re- 
duction can  be  achieved  by  multiplexing  certain  functions  between  the  transmit 
and  receive  modes  is  discussed  in  Subsection  3.4.  Subsection  3.5  describes 
the  implementation  of  relatively  small  filters  by  minimizing  the  number  of 
resonant  sections  and  unloaded  Q required  by  proper  circuit  utilization.  Both 
surface  acoustic  wave  and  charge-coupled  device  matched  fiUers  are  discussed 
in  Subsection  3.5.  Charge-coupled  device  matched  filters  are  shown  to  have 
considerable  potential  for  the  matched  filtering  application  in  packet  radio. 

3.1  Relaxation  of  System  Regui reirents 

The  relaxation  of  some  system  requirements  does  not  necessarily  imply  an 
inferior  performance  for  the  reduced-size  packet  radio.  A fundamental  require- 
ment of  the  reduced-size  packet  radio  is  RF  compatibility  with  existing  packet 
radios.  Although  the  concept  of  size  reduction  in  a packet  radio  is  generally 
the  primary  objective  of  relaxing  or  eliminating  certain  capabilities  is  a 
packet  radio  intended  for  terminal  operations.  For  example,  terminal  operation 
of  a packet  radio  would  require  the  radio  to  be  mobile  for  maximum  utilization. 
This  means  the  radio  must  perform  in  multipath  environments  which  restrict  data 
rates  in  urban  areas  to  200  Kbs  or  less.  Therefore,  a single  data  rate  of  100 
Kbs  for  terminal  operation  is  not  an  elimination  of  a system  requirement  in 
the  pursuit  of  size  reduction,  but  a necessary  constraint  on  terminal  operation. 

Other  relaxations  are  intended  primarily  for  size  » -ction  such  as  reduced 
transmit  power  level,  elimination  of  multichannel  capabi.ity  and  power  control. 
These  suggested  changes  do  not  degrade  the  basic  performance  of  the  packet  radio. 
Obviously,  system  operational  flexibility  is  reduced-the  less  transmit  power, 
the  range  is  decreased  and  the  inore  repeaters  needed  for  a given  area  coverage. 

A reduced  power  output  level  is  necessary  since  maintaining  a ten  watt  power 
output  capability  in  a small  hand-held  unit  is  impossible  due  to  heat  dissipation 

and  power  source  limitations. 
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Reduced  transmit  power  reduces  the  terminal -repeater  link  distance.  In 
addition,  the  terminal -repeater  link  suffers  because  the  terminal  is  assumed 
to  be  mobile  and  the  received  signal  is  fading  at  a rate  proportional  to  the 
speed  of  the  terminal.  For  equivalent  bit  error  rate  performance,  the  signal- 
to-roise  ratio  must  be* greater  in  the  fading  environment  [IJ.  The  terminal- 
repeater  link  has  been  estimated  for  reduced  power  out  and  mobile  operation. 

The  maximum  allowable  path  loss  has  been  calculated  using  the  following 
relation  [2]: 

C/N(dB)  = ERP  - path  loss  + - 10  log  KTB  - NF 

where  ERP  is  the  effective  radiated  power,  is  the  receiver  antenna  gain,  B 
is  the  noise  bandwidth,  and  NF  is  receiver  noise  figure.  Using  the  following 
assumptions,  a maximum  allowable  path  loss  of  138  dB  was  calculated: 

1.  Rayleigh  fading  environment  { E^/Nq  = 20.4  dB) 

2.  3 watt  transmit  power 

3.  0 dBi  transmit  antenna  gain 

4.  9 dBi  receive  antenna  gain 

5.  20  MMz  noise  bandwidth 

6.  8 dB  noise  figure 

Figure  3.1.1  presents  the  expected  path  loss  as  a function  of  distance  or 
the  terminal -to-repeater  link.  The  slope  of  the  attenuation  curves  go  at 
40  dB/dec  which  is  double  the  slope  of  the  free  space  attenuation  curve.  The 
99  percentile  detection  range  was  determined  using  Ott's  statistics  [3].  Ott's 
measurements  indicate  a standard  deviation  of  about  8 dB  for  distances  on  the 
order  of  a few  miles.  From  Figure  3.1.1,  the  worst  case  range  limit  for  the 
99  percentile  detection  probability  is  0.4  mile.  This  compares  to  1.4  mile 
for  repeater-to-repeater  links  with  non-fading  signals,  in  order  to  double 
the  worst  case  range  limit,  the  maximum  allowable  path  loss  must  increase  12  dB. 
It  is  possible  that  the  range  limit  of  0.4  mile  could  be  increased  through  a 
combination  of  directive  antennas,  and  lower  receiver  noise  figures. 
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To  summarize,  considerable  size  reduction  can  be  obtained  by  eliminating 
some  system  requirements  such  as  channel  changeability,  dual  data  rates,  power 
control,  etc.,  and  the  reduction  of  others  such  as  transmitter  power.  Of  the 
system  requirements  considered  for  changing  for  a terminal  packet  radio,  the 
reduced  transmitter  power  impacts  the  packet  radio  system  the  most.  Clearly, 
the  range  reduction  is  the  biggest  price  paid  from  a packet  radio  system  stand- 
point for  a small  packet  radio. 
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RF  Pov<er  Amplification 


Two  basic  problems  existing  in  reducing  the  size  of  the  transmit  chain 
amplifiers.  The  first  involves  reduction  of  the  size  of  the  electronic 
circuitry  and  the  second  involves  optimization  of  the  thermal  design  to 
dissipate  heat  in  as  small  an  area  as  possible.  The  overall  design  must 
incorporate  techniques  to  minimize  size  both  electrically  and  thermally. 
Several  different  circuit  techniques  can  be  considered  for  size  reduction  of 
the  electronic  circuitry  in  the  transmit  amplifier  chain.  Each  approach  has 
advantages  as  well  as  limitations: 

1)  Microwave  Integrated  Circuits 

Microwave  integrated  circuits  (MIC)  require  elements  that  are 
fractions  of  a wavelength  due  to  the  distributed  nature  of  such 
circuits.  Conventional  dielectrics  such  as  alumina  cause  wave- 
lengths of  inches  at  2 GHz  and  thus  there  is  a basic  lower  bound 
to  the  size  of  MIC  circuit  elements.  The  size  reduction  obtainable 
by  using  higher  dielectric  materials  varies  only  as  l//e  where  e 
is  the  dielectric  constant.  GaAs  yields  an  improvement  of  about 
13%  while  ferrite  yields  21%  reduction  in  line  lengths.^  In 
addition,  the  loss  tangent  for  alumina  is  about  1x10  whereas 
the  loss  tangent  for  GaAs  is  16  x 10  , thus  GaAs  is  more  lossy 

than  alumina  and  this  is  undesirable  for  power  amplifier  circuits 
at  microwave  frequencies. 

2)  Thin  Film  Amplifiers  and  Filtering 

Thin  film  amplifiers  show  considerable  potential  for  size  reduction 
since  gains  of  15  dB  and  octave  bandwidths  can  be  obtained  on 
substrates  measuring  .25  x .25  inches.  This  small  size  is  in 
part  achieved  by  utilizing  lumped  elements,  particularly  inductors, 

and  MOS  capacitors. 

3)  Lumped  Element  Circuits  with  Chip  Components  and  Chip  Carriers 

Lumped  element  circuit  techniques  utilizing  chip  transistors  and 
designs  tailored  to  the  gain,  power  and  bandwidth  requirements 
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FIGURE  3.2.1  CIRCUIT  DIAGRAM  AND  METALLIZATION  PATTERN  FOR 
SINGLE-STAGE  LUMPED  ELEMENT  2.25  GHZ  AMPLIFIER 


FIGURE  3. 


2.2  CONSTRUCTION  DIAGRAM  OF  7W  2.25  GHZ 
TRANSISTOR  AMPLIFIER 


appear  to  offer  the  greatest  promise  for  reduced  size.  This  is 
because  lumped  elements  are  much  smaller  than  MIC  elements  at  L 
and  S bands  since  they  are  much  smaller  than  a wavelength  on  the 
dielectric.  Lumped  elements  are  formed  by  a three-layer  sandwich 
of  metal -dielectric-metal  on  a substrate  such  as  sapphire. 
Capacitors  can  be  formed  either  by  using  the  center  dielectric  or 
by  interdigital  techniques;  inductors  can  be  fomed  by  deposition 
of  the  metal  directly  on  the  substrate.  Inductors  of  several  tens 
of  nanohenries  and  capacitors  of  several  tens  of  picofarads  are 
obtainable  up  to  several  qigahertz  with  Q's  of  100.  Examples  of 
such  elements  are  shown  in  the  amplifier  of  Figure  3.2.1.  Typical 
values  are  5nH  coils  with  a diameter  of  32  mils  and  50pF  capacitors 
45  mil  square. 

Lumped  element  circuit  techniques  can  also  be  used  in  high  power 
circuits  as  shown  in  Figure  3.2.2.  Here  the  chip  is  mounted  on  a 
BeO  block  which  is  in  turn  imbedded  into  a copper  block;  this 
provides  excellent  thermal  conductivity.  The  input  circuit  is 
formed  by  a lumped  element  tt  section  while  5 mil  bondwires  shunt 
the  collector  to  ground  through  an  SiO^  capacitor.  This  technique 
provides  for  minimization  of  parasitics  and  since  the  base  is 
attached  directly  to  the  copper  block  by  bondwires,  an  excellent 
ground  is  achieved. 

4)  Monolithic  Integration 

In  the  monolithic  circuit,  active  and  passive  devices  performing 
the  amplifier  gain  and  matching  functions  are  grown  in  a 
semiconducting  substrate.  Candidate  substrate  materials  at 
microwave  frequencies  are  silicon  or  gallium  arsenide.  Since 
tuned  lines  for  impedance  matching  on  either  silicon  or  GaAs  at 
1800  MHz  are  substantially  long,  a lumped  element  approach  is 
preferred.  However,  monolithic  integration,  in  addition  to 
utilization  of  lumped  elements,  does  not  appear  to  offer  any 
additional  reduction  in  size  since  the  lumped  elements  themselves 
have  the  most  significant  impact. 
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Power  Amplifier 

Assuming  operation  at  a reduced  transmit  power  level  (3  watts  to  the 
antenna),  the  output  power  of  the  power  amplifier  must  be  4.5  to  5 watts 
to  overcome  the  anticipated  losses  between  it  and  the  antenna.  At  an 
operating  frequency  of  approximately  170^  MHz  with  a bandwidth  of  30  to  40 
MHz,  an  efficiency  of  50%  or  greater  rrr  gain  of  8 dB  or  better  is 
desirable.  Also,  the  device  (circuit)  snculd  be  able  to  withstand  a very 
high  VSWR  (greater  than  10:1)  since  loss  or  damage  to  the  antenna  could  be 
a higher  probability  event  in  a hand-held  packet  radio.  Microwave  Semi- 
conductor Corporation  (MSC)  has  a 6 watt,  internally  matched  device  that 
covers  1.7  to  2.0  GHz  with  a 9 dB  gain  and  efficiency  of  50%  (see  Figure 
3.2.3).  This  device  has  been  tested  at  15  to  18  volts  and  will  meet  the 
above  specifications  at  18V  with  a gain  degradation  to  about  8 dB.  These 
devices  are  optimized  for  24  volt  operation,  and  for  24  volts  devices  the 
saturated  output  power  point  is  7 watts;  therefore,  a reduced  supply  voltage 
(15  to  18  volts)  should  still  permit  5 watts  of  output  power. 

Since  a reasonable  gain  for  the  output  power  stage  is  8 dB,  approxi- 
mately 37  dB  of  gain  will  be  required  preceding  this  stage.  Caulton  [4,  5] 
and  others  have  reported  multistage  lumped  element  amplifiers  with  approxi- 
mately such  gains  at  S-band.  Caulton  developed  an  amplifier  to  accept  a 
1 watt  15  mil  x 15  mil  transistor  chip.  Tuning  for  different  impedance 
levels  was  accomplished  by  paralleling  capacitors  and  paralleling  or  tapping 
strip  inductors  with  bondwire  as  shown  in  Figure  3.2.2.  When  operated  as  a 
Class-C  amplifier  the  circuit  provided  10  dB  gain  with  greater  than  1-W 
output  and  greater  than  30  percent  efficiency  at  2.25  GHz.  This  circuit 
measured  115  mils  x 115  mils.  Three  of  these  stages  were  operated  in 
cascade  with  the  first  two  stages  biased  for  Class-A  operation  and  the  third 
for  Class-C  operation.  These  stages  were  adjusted  to  give  IW  of  power  with 
30  dB  gain  and  20  percent  efficiency  with  a 5 percent  bandwidth.  Caulton 
then  used  this  three  stage  amplifier  with  a power  stage  built  on  a special 
holder  (see  Figure  3.2.2)  to  achieve  35  dB  gain,  6 watts  of  power  out,  a 
26%  efficiency  over  a 6%  bandwidth  at  2.2  GHz.  The  overall  amplifier  package 
measured  7/8"  x 1". 
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Heatsink 


As  described  above  the  circuitry  for  the  transmit  amplifiers  can  be 
reduced  substantially.  Based  on  the  results  described,  RF  power  amplifier 
chain  could  be  built  in  an  area  approximately  1 inch  square  with  the  exact 
layout  depending  on  module  constraints.  However,  the  overall  size  of  the 
amplifier  is  determined  by  the  heatsinking  required  for  the  transistors  since 
the  heatsink  must  extend  below  the  plane  of  the  substrates. 

An  estimate  of  the  thermal  rise  AT.  of  each  stage  can  be  made  by  using 

J 

representative  values  of  the  thermal  resistance,  Qj^,,  for  each  device  and 
the  average  power  dissipated. 


«JC 

Stage  1 

ZOO'-C/W 

4.5mw 

0.9 

Stage  2 

200°C/W 

45mw 

9.0 

Stage  3 

lOO'-C/W 

0.450W 

45 

Driver  4 

so'-c/w 

0.395W 

19.8 

Power  Amp 

irc/w 

2.5w 

28 

Note  that  these  are  aTj  values  based  on  average  power  dissipated  at  50%  duty 
cycle.  The  peak  AT,  values  will  be  twice  this. 


The  objective  in  heatsinking  the  devices  is  to  maintain  the  junction  below 
some  temperature  value  which  will  allow  reasonable  operating  life;  this  value 
is  usually  chosen  to  be  about  ISO^C.  Calculations  have  shown  that  14  square  inches 
of  surface  area  will  provide  adequate  cooling  by  convection  to  maintain  all 
junctions  below  150®C  based  on  an  operating  range  of  0 to  70*C.  Therefore, 
the  heatsink  and  not  the  actual  transmitter  circuitry  is  the  constraining 
influence  to  size  reduction  of  the  transmitter  chain. 
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Frequency  Generation 


As  pointed  out  in  Subsection  2.3,  the  direct  (multiplication)  or  indirect 
(phase  lock  loop)  method  may  be  used  to  implement  the  local  oscillator  system  in 
the  packet  radio.  No  matter  which  method  is  used  a temperature-compensated 
crystal  oscillator  is  required  to  achieve  a ppm  stability  of  the  LO  system. 

The  direct  method  which  multiplies  the  crystal  oscillator  frequency  to  arrive 
at  the  LO  frequency  consumes  less  power,  but  has  the  problem  of  eliminating 
harmonics  of  the  multiplier  stages.  The  indirect  method  which  uses  a phase-locked 
loop  easily  lends  itself  to  programmability  but  suffers  from  large  size  and  high 
power  consumption.  A third  approach  to  the  LO  system  is  the  surface  acoustic 
wave  oscillator  which  has  several  attractive  features  including  small  size  and 
low  power  consumption  but  currently  exhibits  poor  long  term  stability. 

Presently,  there  does  not  appear  to  be  a straightforward  solution  to 
implementing  the  LO  system  in  small  size  with  low  power  consumption.  As 
indicated,  either  approach  has  its  advantages  and  disadvantages.  The  following 
discussion  describes  the  advantages  and  disadvantages  of  the  several  approaches 
possible  for  the  implementation  of  an  LO  system  for  a small  packet  radio. 

Crystal  Oscillator 

A temperature-compensated  crystal  oscillator  (TCXO)  consists  of  a 
crystal  oscillator  circuit,  and  a temperature  compensation  network.  Concep- 
tually, temperature  compensation  is  achieyed  by  pulling  the  oscillator 
frequency  to  compensate  for  the  nonlinear  frequency- temperature  changes  of 
the  crystal  and  the  oscillator  elements  oyer  temperature.  In  general,  the 
optimum  choice  for  the  crystal  resonator  is  the  AT  cut  of  quartz  whose 
temperature  characteristics  are  shown  in  Figures  2.3.2  and  2.3.3. 

One  candidate  approach  [18]  to  temperature  compensation  of  the  crystal 
oscillator  uses  a du.^l  varactor  scheme  and  one  or  two  "3  point"  network 
segments  employing  a thermistor  in  each  leg  as  shown  i.i  Figures  3.3.2  and 
3.3.2.  Figure  3.3.2  presents  the  complete  circuit  schematic  of  the  TCXO. 


FIGURE  3.3.3  TEMPERATURE  - COMPENSATED  CRYSTAL 
OSCILLATOR  STABILITY 


The  circuit,  excluding  crystal, is  envisioned  on  a .5  x .5  inch  thick 
film  ceramic  substrate.  All  components  would  be  of  chip  form,  excluding 
the  resistors  and  thermistor.  Also  included  in  the  package  will  be  a 
monolithic  chip  voltage  regulator  (such  as  the  Motorola  MC  7812)  as  well  as 
an  additional  chip  amplifier  stage  for  buffering. 

Figure  3.3.3  ,t41ustrates  the  performance  of  a TCXO  using  this  approach 
with  conventional  components.  A stability  of  + .13  ppm  can  be  achieved  over 
a temperature  range  of  0 to  80°C. 

Direct  Multiplication  Frequency  Synthesis 

Direct  multiplication  may  be  a viable  approach  to  a single  frequency 
local  oscillator  system.  This  approach  is  shown  in  Figure  3.3.4.  In  this 
configuration  a TCXO  having  an  output  frequency  in  the  51-52  MHz  range, 
establishes  the  frequency  standard  for  the  system.  The  TCXO  output  is  multi- 
plied sequentially  in  two  multiplier  stages  for  a total  multiplication 
factor  of  33.  Spurious  frequencies  are  rejected  via  interstage  filter  net- 
works. Lower  order  frequency  multiplication  in  the  first  stage  of  the  chain 
may  be  accomplished  with  an  active  multiplier  to  provide  conversion  gain.  A 
typical  X3  stage  is  illustrated  in  Figure  3.3.5. 

The  tindpass  filter  used  for  spurious  rejection  in  the  first  multiplier 
is  realized  with  lumped  element  chips.  Coil  manufacturers,  such  as  the 
Cambion  556-1000  Series  have  microminiature  inductors  available  as  fixed  and 
variable  monolithic  chips.  The  trade-off  associated  with  inductor  shrinkage 
is  loss  of  unloaded  Q.  Manufacturer's  data  indicate  that  a Q minimum  of  30 
is  achievable  for  a .100  x .160  variable  monolithic  chip  inductor.  Assuming 
a loaded  Q of  10,  the  insertion  loss  is  calculated  to  be  about  4.5  dB.  This 
power  loss  must  be  balanced  by  the  conversion  gain  of  the  active  stage. 

The  skirt  selectivities  of  the  interstage  filters  are  shown  geometrical- 
ly in  Figure  3.3.6.  The  first  stage  filter  is  a 2 pole,  10^  bandwidth 
chebyshev  filter  followed  by  a 4 pole  YIG  filter. 
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The  XI 1 stage  may  use  a step  recovery  diode  for  best  efficiency.  Using 
this  approach,  the  incoming  signals  from  the  X3  multiplier  are  converted  to 
impulses  via  the  snap  action  of  the  diode.  A tank  circuit  resonant  at  the 
eleventh  harmonic  loads  the  diode  to  achieve  the  desired  response.  Due  to 
the  power  losses  incurred  in  the  Xll  multiplier  (about  7 dB)  and  the  inser- 
tion loss  of  the  YIG  filter  (3  dB),  a lumped  element  tuned  amplifier  stage 
is  used  to  prov'de  10  dB  gain  at  the  LO  frequency. 

In  summary,  the  major  drawback  to  the  direct  multiplication  approach 
for  single  channel  frequency  synthesis  is  the  extra  filters  and  amplifier 
necessary  to  achieve  the  desired  spurious  rejection  levels.  However  it  is 
believed  that  proper  filtering,  bypassing  and  shielding  techniques  may  be 
implemented  effectively  in  small  package  dimensions  using  miniature  chip 
components.  The  major  advantage  is  the  low  power  consumption  level.  The 
loca"*  oscillator  system  outlined  in  Figure  3.3.4  would  be  expected  to  con- 
sume less  than  0.5  watts. 

Direct  Frequency  Synthesis  Using  Surface  Acoustic  Wave  Device 

The  surface  acoustic  wave  (SAW)  oscillator  is  a device  of  simple  struc- 
ture that  may  prove  to  have  application  in  packet  radio,  "^he  basic  oscil- 
lator structure  ■'s  shown  in  Figure  3.3.7.  The  oscillator  consists  of  a SAW 
delay  line  in  the  feedback  loop  of  an  amplifier.  If  the  gain  of  the  ampli- 
fier exceeds  the  delay  line  insertion  loss,  oscillation  will  be  sustained 
according  to  [1] 


^ + h = 2Ntt 


where  L = Mx^  is  the  SAW  path  length,  v is  the  acoustic  wave  velocity,  N is 
an  integer  and  0^  is  the  electrical  phase  shift  associated  with  the  amplifiers 
and  transducers,  and  w is  the  frequency  of  oscillation.  From  the  set  of 
frequencies  satisfying  the  above  relation,  the  transducer  finger  pitch,  X 
determines  the  frequency  of  operation  f^. 


■ 
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It  is  here  that  the  value  of  the  SAW  oscillator  lies;  the  frequency  of 
oscillation  is  not  related  to  the  basic  crystal  dimensions.  Fundamental 
frequency  of  operation  over  the  range  20  MHz  to  1 GHz  is  readily  accomplished 
using  conventional  photolithography,  while  an  extension  to  2 or  3 GHz  can 
be  made  with  electron  beam  techniques.  In  addition,  SAW  oscillators  can  be 
made  small  and  rugged,  such  that  at  frequencies  above  approximately  300  MHz 
the  entire  oscillator  can  be  housed  in  a single  T08  can. 


The  short  term  stability  of  present-day  SAW  oscillators  approaches  that 
of  bulk  crystal  oscillators.  The  effective  Q of  the  SAW  oscillator  is 
determined  by  the  delay  line  length.  The  values  achievable  lie  in  the  range 
of  100  to  10,000.  Although  these  values  are  lower  than  those  obtainable  with 
bulk  crystal  oscillators,  the  SAW  oscillator  has  a much  higher  fower  handling 
capability  thus  giving  comparable  short  term  stability  and  fm  noise  [13]. 

The  effective  Q of  the  surface  acoustic  wave  oscillator  may  be  improved  by 
replacing  the  delay  line  with  a SAW  resonator.  The  SAW  resonator  consists 
of  one  or  more  transducers  locoted  between  two  surface  acoustic  wave  reflectors. 
The  reflectors  are  simply  metal  strips  etched  on  the  surface  of  the  quartz. 

Q's  of  10,000  are  reported  for  the  SAW  resonator  with  Q's  of  100,000  believed 
to  be  within  the  capability  of  the  technology.  [14] 

The  medium  term  stability  is  determined  by  the  temperature  characteristics 
of  ST  quartz.  From  Figure  2.3.2,  the  SAW  oscillator  would  be  expected  to 
exhibit  a stability  of  +25  ppm  across  0 to  70°C  temperature  range.  However, 
due  to  the  smallness  of  the  SAW  delay  line  and  the  good  thermal  contact 
possible,  very  simple  temperature  control  can  be  used  to  improve  stability. 

If,  for  example,  the  temperature  of  the  SAW  oscillator  is  maintained  within 
+4“C  of  the  temperature  inversion  point  {'v20°C  for  ST  quartz  but  can  be 
made  any  suitable  value),  the  frequency  variation  is  less  than  1 ppm. 

It  is  the  long  term  stability  of  SAW  oscillators  which  limits  the 
application  of  these  devices.  Aging  rates  of  about  3 parts  per  million 
per  month  can  be  expected  using  normal  fabrication  procedures.  This  com- 
pares with  a few  tenths  of  a part  per  million  per  month  for  bulk  crystals. 
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Indirect  Frequency  Synthesis 


The  indirect  approach  to  frequency  synthesis  employs  an  oscillator  that 
is  phase  locked  to  a frequency  standare,  thereby  assuming  the  stability  of 
the  frequency  standard.  The  block  diagram  of  Figure  2.3.4  presents  the 
basic  components'! of  the  indirect  frequency  synthesizer.  Programmability  is 
achieved  by  the  ability  to  change  the  value  of  N,  the  divide  ratio,  to  choose 
a given  frequency  within  the  range  of  the  voltage  controlled  oscillator.  For 
non-programming  applications,  N is  fixed. 

The  means  to  size  reduction  and  lower  power  consumption  in  the  phase- 
locked  loop  appear  to  be  few.  One  technique  is  to  use  a single  loop  filter/ 
amplifier  in  which  size  reduction  can  be  achieved  using  conventional  chip 
carrier  bonding  techniques  with  deposited  resisters  and  chip  capacitors.  A 
second  technique  that  may  reduce  the  power  of  the  countdown  circuitry  for  a 
non-programmable  LO  system  is  the  use  of  binary  (powers  of  2)  counters  and  a 
combination  of  fast  and  slow  logic.  That  is,  the  front-end  divider  stage 
would  be  very  fast  logic,  but  would  deliver  an  output  that  could  be  handled 
by  slower  and  less  power  consuming  dividers.  A third  consideration  proposes 
using  a passive  X2  multiplier  at  the  phase-locked  loop  output  to  obtain  the 
1600  MHz  LO  frequency.  The  passive  X2  multiplier,  while  incurring  some 
conversion  loss,  does  not  consume  any  power. 

Summary 

For  the  near  tenii,  the  direct  method  to  frequency  synthesis  appears  the 
best  route  to  implementation  of  an  LO  system  for  a small  packet  radio.  Although 
difficult,  spurious  responses  produced  during  the  multiplication  process  can 
adequately  attenuated,  and  the  low  power  consumption  makes  the  direct  approach 
the  optimum  choice. 

Future  developments  relating  to  the  long  term  stability  of  the  SAW 
oscillator  will  be  of  interest.  When  the  long  term  stability  of  the  SAW 
oscillator  is  improved  to  a few  tenths  of  a port  per  millim  per  month, 
the  SAW  oscillator  will  be  the  answer  to  the  frequency  generation  problem  in 
a small  packet  radio. 
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3.4  Multiplexed  Functions 

Since  the  packet  radio  operates  half-duplex  (does  not  simultaneously 
transmit  and  receive),  functions  common  to  both  tha  transmitter  and  receiver 
were  reviewed  to  determine  whether  time  sharing  was  possible.  A scheme  which 
multiplexes  the  mixer  and  also  allows  the  filtering  requirements  to  be  met  is 
shown  in  Figure  3.4.1.  Controlled  switches  are  used  to  switch  the  signal  paths 
through  the  mixer.  The  bandpass  filter  could  be  a narrowband  four-pole  filter 
to  achieve  the  desired  image  rejection  on  receive.  When  transmitting  the  band- 
pass filter's  higher  insertion  loss  can  be  tolerated  since  the  power  levels 
at  the  mixer  output  are  relatively  low.  The  bandpass  filter  may  not  provide 
enough  attenuation  to  the  LO;  therefore,  LO-RF  isolation  in  the  mixer  would  be 
needed.  The  double  balanced  mixer  can  be  designed  to  have  good  LO-RF  isolation 
(25  dB  minimum  at  packet  radio  frequencies)  and  can  be  implemented  in  small  size. 
Construction  of  a double  balanced  mixer  can  be  accomplished  using  two  torid 
transformers  and  a diode  quad.  Diode  quads  of  50  mil  square  are  available 
and  high  frequency  torid  transformers  operating  up  to  3 GHz  can  be  used  to  build 
a mixer  in  a space  of  0.25"  X 0.5".  The  necessary  LO  power  can  be  reduced  by 
employing  low  potential  barrier  mixer  diodes  such  as  the  recently  developed 
zero-bias  Schottky  barrier  diode. 

Using  a single  mixer  for  both  the  down  conversion  and  up  conversion, 
the  mi/er  noise  figure  is  likely  to  be  worse  since  optimizing  the  up  conversion 
loss  would  be  desirable.  The  degraded  mixer  noise  figure  would  not  necessarily 
result  in  a degraded  receiver  noise  figure  since  the  RF  amplifier  gain  may  be 
increased  because  of  the  narrow  operating  bandwidth. 

Estimates  of  the  percentage  savings  in  volume  and  power  were  derived 
for  the  scheme  of  Figure  3.4.1  by  assuming  that  the  techniques  to  size  reduction 
described  in  this  document  were  applied  to  a dual  conversion  approach  without 
circuit  multiplexing.  The  volume  and  power  requirements  for  the  dual  conversion 
circuitry  were  compared  to  the  volume  and  power  requirements  for  the  above 
described  approach.  Volume  savings  were  estimated  at  60^  and  power  savings 
at  50%. 
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3.5 


Filter  Functions 


Frequency  Filters 

As  discussed  in  Section  2.5,  the  key  to  realizing  small  low  loss 
filters  is  obtaining  resonant  elements  in  small  size  with  high  Q.  This 
becomes  increasingly  difficult  as  the  frequency  increases.  Therefore, 
alternatives  are  sought  such  as  described  in  Subsection  3.4.  Through  a 
combination  of  efficient  circuit  design  and  using  the  best  approach  to 
small  high  Q resonant  elements.  The  filtering  'requirements  of  a small 
packet  radio  can  be  met.  Low  loss  filters  that  do  not  provide  the  re- 
quired out  of  band  filtering  can  be  used  as  the  front-end  in  combination 
with  higher  loss  filters  preceding  the  RF  power  amplifier  chain. 

Several  filter  types  have  been  investigated  and  appear  attractive 
as  candidates  for  the  front-end  filter  application.  These  include  the 
end-coupled  resonator,  the  parallel  coupled  resonator,  the  hairpin  filter 
and  the  comb  line  filter.  The  end  coupled  resonator  would  require  a 
lumped  element  low  pass  filter  to  attenuate  the  spurious  response  near 
2fo,  yet  the  total  volume,  assuming  an  c of  7,  is  estimated  to  be  0.224 
cable  inches.  The  realization  of  the  other  filters  mentioned  also  can 
be  done  in  a similar  size  or  less. 

Since  the  minimum  unloaded  Q requirement  for  the  RF  filter  is  500, 
conventional  scripline  and  microstrip  techniques  are  ruled  out  (unless 
air  dielectric  is  used  which  results  in  relatively  large  size). 

Table  3.5.1  compares  the  characteristics  of  three  filter  types  that 
could  be  used  for  the  RF  filter. 

Interdigital  line  and  combline  filters  with  air  dielectric  have 
been  designed  and  used  for  more  than  a decade.  The  unloaded  Q's  have 
been  measured  and  calculated  [26]  at  approximately  120C  and  600  respectively. 
The  estimated  volumes,  when  designed  [26-28]  with  ground  plane  spacing 
of  0.2"  and  with  0.060"  thick  resonant  bar  for  4 pole,  2%  bandwidth,  are 
1.3  cubic  inches  and  0.65  cubic  inches  respectively. 
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TABLE  3.5.1  COMPARISON  OF  CANDIDATE  FILTER  TYPES 


Interdigital  Line 

Comb  Line 

YIG 

Attenuation  charac- 
teristics 0 - 2fo 

4-Pole  Chebyshev 

Spurious  > 2 fo 

■ ~ ' ' ' ----- 

3 f 0 , 5 f 0 ... 

> 5 fo 

65  dB  below 

Qu 

> 1000 

500-650 

500-700 

Insertion  Loss 

3 dB  maximum 

6 dB  maximum 

6 dB  maximum 

Temp.  Sensitivity 

<lMHz  for  -20+7 rc 

<5MHz  for  -20+71"C 

<5MHz  for  0-60°C 

Tunability 

Mechanical  tuning 
co*';venient 

Mechanical  tuning 
convenient 

Magnetic  biasing 
Inconvenient 

Cost 

Inexpensive 

Inexpensive 

Expensive 

Fabrication 

Easy 

Easy 

Compl icated 

Weight 

< 3 Oz 

Size  (estimated) 

1.8"X2."X0.36" 

0.9"X2."X0.36" 

0.75"  cube 

Shield 

Not  required 

Magnetic  shield 

Ability  to  take  envi- 
ronmental punishment 

More  rugged 

Less  rugged 
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The  YI6  filter  has  been  used  for  applications  where  electrical 
tunability  is  desirable.  The  tunability  is  achieved  through  using 
DC  bias  current  to  change  the  biasing  magnetic  filed  which  in  turn 
changes  the  resonant  frequency  of  the  YIG  spheres.  For  fixed  frequency 
operation  a permanent  magnet  can  be  used.  A YIG  sphere  is  very  small, 
about  20-40  mil  in  diameter,  and  has  very  high  unloaded  0.  Another 
important  feature  of  the  YIG  filter  is  the  limiting  characteristics 
of  the  YIG  crystal.  Pure  YIG  (no  gallium)  has  a limiting  threshold 
of  -23  dBm  for  frequencies  below  3.6  GHz.  Since  the  limiting  charac- 
teristics are  dependent  on  the  amount  of  gallium  doping  of  the 
material,  it  is  possible  to  lower  the  usable  frequency  range  by  in- 
creasing the  amount  of  gallium  doping,  so  that  the  limiting  thres- 
hold of  +10  dBm  can  be  obtained  at  1800  MHz. 

As  may  be  concluded  from  Table  3.5.1  the  combline  filter  appears 
to  be  the  best  compromise  among  the  features  compared.  The  YIG  filter 
has  the  smallest  size,  but  is  more  difficult  to  build  and  is  less  rugged. 
The  interdigital  line  filter,  while  having  the  lowest  loss,  has  the 
undesirable  third  harmonic  response  and  is  comparatively  large. 

Matched  Filters 


In  the  course  of  the  previous  discussion  on  matched  filters,  it  was 
pointed  out  that  the  major  cause  of  performance  degradation  in  surface  acous 
tic  devices  (SAWD)  used  as  matched  filters  in  packet  radio  is  phase  error 
that  may  exist  across  the  device  resulting  from  the  center  frequency  of  the 
incoming  signal  differing  from  the  effective  center  frequency  of  the  device. 
As  the  center  frequency  increases,  the  offset  frequencies  resulting  from 
temperature  variation  and  crystal  misorientation  increase,  thus  increasing 
the  phase  error  and  degrading  performance.  If  some  degree  of  flexibility 
in  the  SAWD  center  frequency  is  to  be  achieved  to  allow  system  optimization 
based  on  this  parameter,  the  center  frequency  variation  due  to  temperature 
and  crystal  misorientation  must  be  reduced  or  compensated  for.  Temperature 
control  techniques  are  beginning  to  be  developed  which  may  permit  control  of 
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the  substrate  temperature  with  small  power  consumption  and  little  additional 
increase  in  size.  Greenhouse  and  McGill  [29]  have  reported  building  a 
temperature  controlled  crystal  oscillator  by  utilizing  hybrid  microcircuit 
substrate  heater  circuits.  With  approximately  .2  watts  steady  state  applied 
power  they  controlled  the  oscillator  to  +93°2  + .1°  over  -40  to  +75°C. 

These  results  would  indicate  that  the  SAWD  could  be  controlled  to  within 
+6°  with  perhaps  one-tenth  watt.  Such  control  would  probably  require  con- 
stant power  drain  since  rapid  turn-offs  and  turn-ons  would  demand  substantial- 
ly more  power  to  establish  temperature  equilibrium.  Other  techniques  for 
temperature  control  for  SAW  devices  have  been  described  in  the  1975  IEEE 
Ultrasonics  Symposium  proceedings. 

Center  frequency  error  due  to  crystal  misorientation  can  be  reduced. 

The  Manufacturing  process  can  produce  crystals  with  an  accuracy  of  +15 
minutes  from  the  true  ST  cut;  fortunately,  crystals  can  be  measured  with  an 
accuracy  of  + 3 minutes.  Therefore,  selectively  grouping  crystals  based  on 
the  measured  angle  and  using  a different  photomask  for  each  group,  misorien- 
tation errors  can  be  partially  compensated  for.  Another  means  of  compensating 
for  a center  frequency  error  due  to  crystal  misorientation  is  through 
adjustment  of  the  receiver  local  oscillator.  This  method  could,  in  effect, 
reduce  errors  resulting  from  misorientation  to  zero.  If  a single  LO  system 
is  used  for  both  transmit  and  receive,  a reasonable  approach  would  seem  to 
be  separate  tuning  elements  (perhaps  varactors)  in  the  oscillator  so  that  in 
transmit  all  terminals  transmit  as  near  as  possible  to  the  ideal  center  fre- 
quency but  in  receive  the  oscillator  is  switched  to  a slightly  different 
frequency.  Such  a technique  could  also  help  minimize  the  effects  of  SAWD 
aging  (20  to  30  ppm  per  year)  since  the  receiver  could  be  "retuned"  rather 
than  replacing  the  SAW  device.  Even  with  some  rudimentary  temperature  control 
and  selective  crystal  grouping,  the  performance  of  the  SAWD  remains  question- 
able as  the  center  frequency  approaches  300  MHz.  Still,  the  employment  of 
these  techniques  would  allow  more  flexibility  in  the  center  frequency  than 
is  currently  allowed. 

The  actual  crystal  dimensions  are  approximately  .3"W  x 3."L  x .025"H, 
therefore  considerable  size  reduction  can  be  made  if  the  package  design  is 
optimized.  A key  to  reduction  of  package  size  is  to  incorporate  integrated 


3-26 


^ Ik 

matching  networks  adjacent  to  the  SAW  device  terminals.  In  particular, 
lumped  element  spiral  inductors  can  provide  inductance  and  Q's  approaching 
values  obtainable  with  discrete  coils.  Caulton,  [30],  and  other  authors 
have  reported  lumped  element  techniques  for  both  inductors  and  capacitors. 

In  addition,  these  techniques  have  been  applied  to  match  SAW  devices. 

These  inductors  were  fabricated  with  copper  on  teflon  glass  boards,  with 
overall  dimensions  of  about  .1"  x .16".  Therefore  the  networks  could  be 
placed  on  the  SAWD  substrate  adjacent  to  the  SAWD  transducers.  By  employing 
matching  techniques  and  designing  an  optimized  package,  the  overall  package 
size  could  be  reduced  to  about  .5"  x 3.5"  x .2". 

Charge-Coupled  Device  Matched  Filters 

An  attractive  alternate  approach  to  matched  filtering  in  packet  radio 
which  avoids  many  of  the  trade-offs  associated  with  the  detection  of  the  hoK 
waveforms  using  SAWD's  makes  use  of  charge-coupled  devices  (CCD)  for  dif- 
ferential  coherent  detection  of  MSK  at  baseband.  Recent  developments  in  the 
technology  of  charge-coupled  devices  indicate  that  baseband  detection  of  MSK 
signals  can  be  done  using  CCD  matched  filters  [32]. 

Charge-coupled  devices  operate  by  transferring  packets  of  minority  charge, 
which  represent  analog  signals,  from  one  potential  well  to  another  [3]. 

These  potential  wells  are  formed  by  a linear  array  of  deep  depleted  MOS 
capacitors,  either  on  a uniformly  doped  substrate  (surface  channel)  or  a sub- 
strate with  a thin,  depleted  layer  of  opposite  conductivity  at  the  surface 
(buried  channel).  Figure  3.5.1  presents  the  structure  of  a surface  channel 
device.  In  operation,  minority  charge  (electrons)  exist  in  a thin  inversion 
Icyer  at  the  oxide-semiconductor  interface.  Since  charges  always  move  to  the 
local  potential  minimum,  charge  is  transferred  from  one  potential  well  to 
the  other  by  application  of  appropriate  voltages  to  the  electrodes.  There 
are  two  mec,sur‘»s  that  primarily  determine  device  performance:  1)  the  time 

necessary  to  transfer  charge  from  one  storage  site  to  the  next,  and  2)  the 
fraction  of  the  original  charge  that  gets  transferred.  The  two  mechanisms 
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responsible  for  charge  transfer  and  thermal  diffusion  and  fringing  field 
drift.  Thermal  diffusion  alone  limits  the  clocking  speed  to  about  1 MHz. 
Charge  transfer  speed  is  enhanced  due  to  a small  component  of  the  electric 
field  in  the  direction  of  charge  transfer  resulting  from  the  externally 
applied  gate  voltages.  The  fringing  field  is  responsible  for  clock  rates 
to  about  10-15  MHz  in  surface  channel  devices. 

Charge  transfer  efficiency  is  determined  by  1)  the  extent  to  which 
potential  barriers  exist  between  two  potential  wells  and  2)  the  loss  o^ 
carriers  due  to  surface  trapping  effects.  Overlapping  silicon  gates  have 
helped  to  minimize  charge  transfer  inefficiency  due  to  potentital  barriers 
[33].  Charge  lost  to  fast  interface  surface  states  is  minimized  in  the 
buried  channel  structure  by  ensuring  that  the  depletion  region  wells  start 
to  form  below  the  surface  within  the  bulk  of  the  semiconductor.  Figure 
3.5.2  r,hows  the  structure  of  the  buried  channel  CCD.  Improvement  in  the 
charge  transfer  efficiency  of  the  buried  channel  CCD  is  accompanied  by  an 

( ,)  improvement  in  clocking  speed.  The  buried  channel  structure  places  the 

channel  a greater  distance  from  the  gates  thus  increasing  the  relative 
importance  of  the  fringing  field  drift.  Clocking  speeds  above  200  MHz  have 
been  reported  [32]  and  charge  transfer  efficiencies  of  99.999%  have  been 
Pleasured  in  buried  channel  devices  [31]. 

The  unique  properties  of  charge-coupled  devices  (CCD)  make  them  attrac 
tive  in  a wide  variety  of  applications:  Their  light  sensitivity  makes  them 
useful  for  self-scanning  solid  state  imagers;  their  small  size  and  high 
packing  density  are  good  attributes  for  high  volume  digital  memory;  and 
their  analog  nature  makes  them  useful  for  many  signal  processing  applica- 
tions. As  near  ideal  analog  shift  registers,  the  CCD  permits  the  fabrica- 
tion of  highly  complex  functional  devices  very  simply.  One  very  attractive 
application  of  charge-coupled  devices  to  packet  radio  is  matched  filtering. 
Packet  radio  employs  a differentially  coherent  minimum-shift- keyed  (MSK) 
modulation  technique  in  a spread  spectrum  system.  Charge-couple  1 device 
matched  filters  can  be  used  in  the  MSK  demodulation  process. 

o 
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MSK  is  a digital  modulation  technique  that  generates  a constant 
amplitude,  phase  continues  signal.  MSK  can  be  viewed  as  a special  case  of 
offset  quadrature  phase-shift-keying  with  sinusoidal  symbol  weighting  and 
can  be  mathematically  expressed  as 

y(t)  = C.Cos('trt  ) Cosw^t  + C,.,Sin(TTt  )Sinw  t (1) 

i 2T  ° ^ ^ 0 

c c 

where  Cj  and  Cg  represent  the  inphase  and  quadrature  subchannel  sequences  and 
Wq  the  carrier  frequency.  Figure  3.5.3  provides  a general  pictorial  description 
of  MSK  waveforms.  Data  is  trans^ii tted  in  a 1 28-chi ps-per-bit  differential 
format  at  100  KBS.  This  implies  that  the  quadrature  subchannels  are  carrying 
independent  chip  sequences  of  64  chips  per  bit  each. 


A matched  filter  is  one  whose  impulse  response  is  the  time  inverse  of 
the  signal  waveform  to  which  it  is  matched.  If  V^(t),  a voltage  wav'-form 
that  exists  over  the  interval  [0,  T]  is  the  input  to  a linear  time-invariant 
filter  with  impulse  response  h(t),  then  the  output  is  given  by 
T 

Vo(t)  = j V.(t)  h(x  - t)dt  0 < T < T (2) 

0 


Now,  if  the  filter  impulse  response  is  the  time  inverse  of  V^(t),  the  output 
voltage  is  a maximum  at  t = T. 


Vmax  = Vo(T)  = 


V^.(t)V.(t  - T)dt 


(3) 


Figure  3.5.4  provides  a conceptual  diagram  of  the  implementation  of  a 
matched  filter  using  a charge-coupled  device.  The  matched  filter  consists  of 
a sampling  circuit  followed  by  N delay  stages.  The  input  voltage  V^(t)  is 
sampled  and  a charge  proportional  to  the  sampled  voltage  is  shifted  to  the 
right  at  the  occurance  of  each  clock  pulse.  Each  delay  stage  is  tapped, 
multiplied  by  the  weighting  coefficients,  Wj^,  and  summed.  When  the  coefficients, 
W|^  are  selected  to  achieve  an  impulse  response  which  is  the  time  inverse  of 
V^(t),  then  equation  (3)  is  approximated*,  the  actual  output  is  given  by 


Vo(t)  = jc  w^V^(t  - (k  - 1)  T) 
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NORMALIZED  FOR. 
Fo  - 1HZ 
Tc  * 1 SECOND 
CHIP  RATE.  R - 14  HZ 


FIGURE  3.5.3  EXAMPLE  OF  MINIMUM-SHIFT-KEYED  (MSK)  WAVEFORMS 
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FIGURE  3.5.4  IMPLEMENTATION  OF  THE  MATCHED  FILTER 
WITH  CHARGED-COUPLED  DEVICE 
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FIGURE  3.5.5  MSK  DETECTION  AT  BASEBAND  USING  CCDs 
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Because  of  the  frequency  limitations  of  CCD's,  they  are  inherently  base- 
band devices.  This  means  translating  the  MSK  modulated  carrier  from  180f; 

MHz  to  baseband  or  equivalently,  reducing  the  number  of  RF  cycles  from  140  3/4 
cycles  per  chip  to  1/4  cycle  per  chip.  Since  MSK  modulation  consists  of 
quadrature  subchannels  carrying  independent  chip  sequences  at  one-half  the 
total  chip  rate,  separation  of  the  two  channels  is  necessary.  Complete 
separation,  however,  of  the  subchannels  can  be  done  only  in  a phase  coherent 
system.  Since  packet  radio  is  non-coherent  at  the  chip  level  and  differentially 
coherent  at  the  bit  level,  the  implementation  of  a CCD  matched  filter  detection 
must  provide  this  capability.  The  implications  of  non-coherent  detection  at 
baseband  of  MSK  waveforms  can  be  explained  with  the  help  of  block  diagrams  of 
Figure  3-5.5.  The  received  signal  at  RF,  y(t),  is  mixed  with  the  local 
oscillator,  X(t). 

X(t)  * cos(w^t  + w^  + 0) 

where  w is  the  RF  carrier  frequency,  w represents  the  uncertainty  in  the 
0 

received  signal  frequency  and  0 is  its  unknown  phase,  w^^  results  from  both 
transmit  and  receive  local  oscillator  instability  and  Joppler  shifts  in  a 
mobile  environment.  The  phase  of  the  received  signal,  in  general,  is  a 
random  variable  uniformly  distributed  over  [0,  2tt].  The  unknown  phase  function 

9(t)  = w^^t  + 0 

is  assumed  to  be  a slowly  varying  function  of  time  such  that  the  phase  un- 
certainty is  essentially  a constant  from  bit  to  bit.  From  the  low  pass  filter, 
the  received  signal  has  the  form 


Generally,  y.|(t)  contains  both  inphase  and  quadrature  signal  components 
and  depending  on  the  value  of  the  phase  constant  0,  one  subchannel  may  be 
present  without  the  other.  Therefore,  a phase  invariant  system  requires  using 


1. 

two  matched  filters,  one  for  each  subchannel.  It  also  becomes  evident  from 
Equation  (5)  that  quadrature  miying  of  the  incoming  signal  is  required  to  ensure 
that  one  of  the  subchannels  is  never  completely  lost.  This  requires  parallel 
processing  of  (t) . 

For  convenience  in  the  description  of  the  demodulation  process.  Figure 
3. 5. *3  shows  a matched  filter  h^(2T^  - t)  matched  to  the  cosine  weighting  of  the 
MSK  waveforms  followed  by  filters  matched  to  the  inphase  and  quadrature  chip 
sequences.  When  matched  filters  are  actually  implemented  for  MSK  detection 
h^  is  likely  to  be  incorporated  into  hj  and  hg.  The  output  of  h^  is  the 
correlation  of  h^  and  y^(tl  and  is  expected  to  be  a series  of  correlation 
pulses  defined  over  [-2i  , 2T  ].  These  correlation  pulses  which  represent 
the  chip  sequences  are  clocked  into  hj  and  hg.  Maximum  output  is  observed 
from  hj  and  hg  when  the  input  chip  sequence  matches  the  "built  in"  chip 
sequence  of  the  matched  filter. 

In  order  to  characterize  the  performance  of  charge-coupled  devices  for 
MSK  signal  demodulation,  the  effects  of  the  frequency  uncertainty  w^^  and 
sampling  rate  have  been  investigated.  Figure  3.5.6  shows  the  degradation  in 
the  magnituoe  of  the  correlation  pulse  from  h^  for  various  values  of  w^. 

Curve  2 (k  = 1)  represents  an  w^  of  1.8  MHz  which  results  in  about  0.5  dB 
degradation.  Clearly,  w^  would  have  to  be  very  large  to  severely  degrade  the 
correlation  magnitude.  The  limitation  on  w^  is  determined  by  the  reasonable 
phase  error  that  can  be  sustained  across  hj  and  hg.  Allowing  5 dB  degradation 
in  signal-to-noise  ratio  establishes  this  limit  at  0.4  radians  which  corresponds 
to  maximum  frequency  error  of  6.4  loiz. 


Insight  to  the  effect  of  the  sampling  rate  on  the  signal-to-noise  ratio 
of  the  CCD  detection  process  can  be  gained  by  a'-'-uming  the  CCD  to  be  an  ideal 
sampler  (Figure  3.5.7)  and  the  noise  to  be  zero  mean  white  additive  noise.  Let 


S(t)  = ^ Sin(|^)  0 £ t _<  2T^ 
n c c 
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FIGURE  3.5.6  CORRELATION  MAGNITUDE  VERSUS  FREQUENCY  ERROR  (0  = 0) 
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Then  the  signal  energy  is 
2T^ 

E = j S^(t)dt 
0 

The  matched  filter  h^  has  weighting  coefficients  w.  = S[(i  - V2)T  ]T 

(i  = 1,  2,  . . . N)  where  T , the  sampling  frequency,  is c.  Since  the  signal 

^ N 

samples  can  be  sampled  with  some  error  At  with  respect  to  the  matched  filter 
samples,  the  signal  samples  can  be  expressed  as 


S.  = S[At  + (i  - 1/2)T^]  - |t^  1 AT  < ^T^ 

* 

The  signal  output  for  li  samples  is 
N 

E -I  w.S. 
s i=i  1 1 

The  low  pass  filter  establishes  the  noise  bandwidth  at  B,  with  a variance  of 
N^B.  Then  the  output  noise  is 

n 

n = z U,  S[(i  - 1/2)T  IT.  i = 1,  2 . . . N 
i-1  ^ ^ ^ 

where  is  the  ith  noise  sample. 

It  follows  that 

E {n^}  = z MTsS^C(i  - 1/2)T  ] 
i=l  ° ^ ^ 

is  the  output  noise  power  for  n samples.  The  output  signal  noise  ratio  becomes 
p2  I Z S[(i  - 1/2)T^^  S[At  + (i  - 1/2)T5)T^ 


As  the  number  of  samples  N goes  to  infinity  and  At  goes  to  zero,  the  SNR 
approaches  2£.  Table  3.5.1  contains  the  calculated  SNR's  using  Equation  (6) 

No  . . ^ 

for  several  values  of  sampling  rates  and  sample  timing  errors.  Worst  case 

degradation  at  a sampling  rate  that  is  twice  the  chip  rate  or  4 samples  per 

2T  period  is  0.688  dB.  Twice  the  chip  rate  corresponds  to  a 25.6  MHz  sampling 

rate  and  requires  a CCD  matched  filter  containing  256  cells  to  detect  a 64 

chip  sequence. 

A Multifunctional  Charge-Coupled  Device 

Since  the  inphase  and  quadrature  subchannels  carry  independent  chip 
sequences,  the  implementation  of  a packet  radio  receiver  using  charge-coupled 
devices  would  require  designing  and  fabricating  two  separate  devices.  A 
more  attractive  approach  is  to  build  a single  programmable  device  which 
could  perform  a multitude  of  functions  that  would  be  useful  to  packet  radio. 
Figure  3.5.8  presents  a block  diagram  of  a multi-functional  programmable 
device.  Appropriately  programmed,  this  device  will  1)  perform  match  filtering 
for  each  inphase  and  quadrature  subchannels,  2)  provide  a delayed  version 
of  the  input  signal,  and  3)  deliver  the  integrated  output  of  the  signal  exist- 
ing in  both  halves  of  the  device. 


In  order  to  perform  the  match  filtering  function,  tne  appropriate  chip 
sequence  is  reversed  and  clocked  into  the  shift  register  at  one- fourth  the 
basic  clock  rate  or  6.4  MHz.  Using  a clock  rate  of  25.6  MHz  to  the  CCD, 
four  cells  are  required  to  provide  adequate  matching  to  the  cosine  weighting 
of  the  MSK  waveform.  In  other  words,  taps  from  the  CCD  cells  are  cosine 
weighted  and  sui.med.  This  correlated  output,  represents  an  MSK  chip  which 
is  multiplied  by  the  appropriate  bit  in  the  shift  register.  Summing  over 
all  64  stages  of  the  shift  register  implements  the  matched  filtering  function. 

The  delay  function  is  implemented  simply  by  providing  an  output  network 
for  the  charge-coupled  array. 
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Figure  3.5.8  as  shown  illustrates  "cosine-weighted"  integration 
with  an  integrated  output  for  the  first  128  cells  of  the  CCD  and  an 
integrated  output  for  the  second  128  cells.  The  integrated  output  is 
accomplished  by  setting  the  shift  register  to  all  ones.  In  order  for 
the  input  signal  to  be  truly  integrated,  the  weights  on  all  cells  would 
have  to  be  unity.  In  packet  radio,  where  the  integration  function  could 
used  for  signal  processing  purposes,  it  is  believed  that  a cosine  weighted 
integrated  output  would  suffice  for  the  intended  application. 

The  following  are  desirable  features  for  tha  device  described  in 
Figure  3.5.8. 

1)  A clocking  frequency  of  25.6  MHz; 

2)  Total  power  dissipation  including  dissipation 
in  the  clock  driver  circuitry  on  the  order  of 
100  MW; 

3)  The  clocking  voltages  be  logic  compatible;  that 
is,  TTL,  ECL,  etc; 

4)  A dynamic  range  of  at  least  40  dB; 

5)  Output  circuitry  such  that  the  delayed  signal 
out  has  zero  dB  loss  with  respect  to  the 
input  signal . 

6)  Excluding  effects  of  the  codes  used,  the  ratio 
of  correlation  peak  to  the  highest  side  lobe 
should  be  about  40  dB. 
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Receiver  Impleinentation  Using  CCD's 


Charge-coupled  devices  as  intrinsic  low  noise  analog  signal  processing 
devices  based  on  the  wel 1 -developed  silicon  integrated  circuit  technology 
should  find  a wide  range  of  applica';;ions  in  packet  radio.  Charge-coupled  - 
device  applications  to  packet  radio  can  offer  reduced  size,  reliability, 
flexibility  and  improved  performance. 

Figure  3.5.9  presents  a block  diagram  of  one  approach  to  realizing  a packet 
radio  receiver  that  employes  charge-coupled  devices  in  a variety  of  functions 
which  will  result  in  reduced-size  packet  radio.  In  Figure  3.5.9  the  received 
signal  is  translated  to  baseband  by  quadrature  mixing,  followed  by  low  pass 
filtering  before  being  detected  by  charge-coupled  device  matched  filters. 

The  multipath  integration  function  following  the  detection  proces*;  can  be 
implemented  using  a charge-coupled  device.  Also,  shown  in  Figure  3.5.9  is  a 
recirculating,  coherent  filter  designed  to  improve  the  signal-to-noise  ratio 
at  the  data  decision  point.  The  coherent  filter  consists  of  the  positive 
fer:dback  loop  around  a one-bit  delay  line  with  a loop  gain  a<l.  This 
recirculating  loop  adds  the  correlation  pulses  from  the  matched  filters 
coherently  while  the  noise  is  added  incoherently,  thereby  improving  the  signal- 
to-noise  ratio  by  .[36]  The  delay  line  is  a charge-coupled  device  as  well 

as  the  initial  delay  necessary  to  allow  the  data  decision  to  "inverse  modulate" 
the  received  signal  so  that  the  coherent  filter  receives  pulses  all  of  the 
same  polarity.  The  CCD  delay  line  in  the  coherent  filter  is  tapped  to 
provide  input  to  the  bit  sync  timing  circuitry  and  the  automatic  gain  control 
circuitry. 

A charge-coupled  device  approach  to  receiver  implementation  for  packet 
radio  could  offer  many  attractive  features  including  the  following: 

1)  For  baseband  detection,  the  image  rejection  problem  is 
non-existant;  therefore,  front-end  filter  requirements 
are  relaxed. 

2)  Charge-coupled  devices  operate  over  a wide  temperature  range 
with  very  little  performance  degradation. 
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3)  Increased  processing  gain  can  be  realized  very  easily. 

A 3 dB  increase  at  100  KBS  or  6 dB  or  more  at  slower  bit 
speeds  can  be  accomplished. 

4)  The  CCD  is  a device  that  exploits  the  technology  of  large- 
scale  integration.  It  is  quite  possible  that  the  entire 
matched  filter  section  including  the  multiplication  and  summing 
functions  can  be  realized  on  a single  chip.  Thus,  the  matched 
filter  section  has  the  potential  of  being  very  much  smaller 
with  higher  performance  than  an  equivalent  surface  acoustic 
wave  device.  Large-scale  integration  of  the  post  detection 
signal  processing  functions  is  more  readily  permitted  by  using 
CCL  performing  a variety  of  functions. 

5)  The  local  oscillator  stability  can  be  relaxed,  but  not  enough 
it  appears,  to  avoid  temperature  compensation  of  the  crystal. 

6)  The  insertion  loss  of  a CCD  matched  filter  is  determined 
primarily  by  the  input  and  output  circuits.  In  a good  CCD 
signal  attenuation  due  to  charge- transfer  in  efficiency  can  be 
small  for  matched  filter  applications.  The  overall  insertion 
loss  is  likely  to  be  much  less  than  equivalent  SAW  devices. 

7)  The  tap  weights  of  the  CCD  matched  filter  can  be  programmed  in 
a very  straightforward  manner  to  allow  dynamic  code  changing, 
providing  the  capability  for  increased  spoof  protection. 

Although  CCDs  have  many  attractive  features  for  signal  processing 
applications,  they  have  some  drawbacks.  The  single  most  undesirable  charac- 
teristic of  CCDs  is  the  large  power  requirements  of  the  clock  drivers.  CCDs 
themselves  consume  very  little  power;  however,  their  clocking  requirements 
demand  10  to  15  volt  swings.  At  high  clocking  frequencies,  the  power  require- 
ments of  the  clocking  circuits  could  make  CCDs  unacceptable  for  small  packet 
radio  applications. 
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FIGURE  3.5.9  DIFFERENTIALLY  COHERENT  MSK  RECEIVER 
USING  CHARGE-COUPLED  DEVICES 
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HAND  HELD  PACKET  RADIO;  DESIGN  EXERCISE 


The  fundamental  constraints  to  realization  of  a reduced  size  packet  radio 
and  potential  solutions  to  relief  from  these  constraints  has  been  explored. 

In  an  effort  to  focus  the  problem  on  today's  technology  and  give  a state-of- 
the-art  data  point,  a design  exercise  for  a hand  held  packet  radio  was  conducted, 
ihis  section  contains  a design  plan  description  of  a hand  held  device  and  it  in- 
cludes general  system  description,  block  diagrams,  specification  summary,  and 
an  artist  s conception  of  the  unit.  This  is  organized  as  follows:  Transceiver 
description,  digital  section  description,  power  source,  antenna  description, 

I/O  device  description,  and  summary.  It  should  be  noted  that  this  design  exercis 
does  not  incorporate  charge  coupled  device  matched  filters  or  the  SAWD  oscillator 
as  described  in  Section  3.0.  The  incorporation  of  these  two  techniques  would 
further  enhance  the  hand  held  design. 

4.1  Transceiver  Description 

The  salient  operational  and  mechanical  features  pursuant  to  size  reduction  ii 
the  RF  section  are  suunarized  below: 

1)  A single  passive  mixer  scheme  to  be  used  for  transmit  and  receive 
signal  conversion; 

2)  Circuit  multiplexing  by  incorporation  of  PIN  diode  switching  networks 
to  permit  time  sharing  of  common  system  functions; 

3)  A direct  synthesis  approach  to  the  LO  system  for  low  power  consumption; 

4)  Chip-carrier  circuitry  to  be  used  in  the  transmit,  receive,  and 
LO  sections  for  high  package  density; 

5)  Lumped  element  components  to  be  used  at  microwave  frequencies  for 
impedance  matching  and  filtering  as  opposed  to  distributed 
techniques; 


6)  A rugged  package  design  to  permit  ease  of  handling.  The  case  would 
be  hermetically  sealed  and  impervious  to  damage  from  the  environment. 

A candidate  approach  to  the  RF  section  is  shown  in  the  functional  block 
diagram  of  Figure  4.1.1  and  Figure  4.1.2  illustrates  how  the  RF  section  may  be 
physically  organized. 

During  reception,  RF  signals  from  the  antenna  are  injected  to  a 2-pole 
band-pass  filter  section  primarily  designed  to  suppress  intermodulation 
responses  and  harmonic  outputs  from  the  transmitter.  The  filtered  signal 
is  switched  via  SPOT  diode  network  to  a narrow-band  chip-carrier  low  noise 
amplifier.  The  amplifier  stage  provides  approximately  23  dB  of  RF  gain, 
sufficient  enough  to  overcome  the  losses  of  the  second  switch,  YIG  filter, 
and  mixer  to  establish  the  receiver  noise  figure  at  less  than  8 dB.  From  * 

the  low  noise  amplifier  the  RF  signal  is  switched  again  and  filtered  in  a 
fixed  tuned  4-pole  YIG  filter.  This  stage  provides  image  rejection  of  at 
least  60  dB  as  well  as  selective  limiting  of  high  level  in  band  signals. 

Once  filtered  the  received  signal  is  high  side  injected  to  a passive  mixer 
stage  and  down  converted  to  67  MHz.  At  the  IF,  approximately  60  dB  of  gain  is 
added  in  the  noncoherent  AGC  stage  prior  to  injection  into  the  matched  filter. 

During  the  transmit  mode  the  transmitter  accepts  a data  packet  in  serial 
bit  form  from  the  microprocessor,  encodes  the  bits  with  the  spread  spectrum 
codes,  converts  this  digital  chip  signal  to  constant  amplitude,  phase  continuous 
MSK,  and  upconverts  to  the  RF  band  via  high  side  injection  to  the  single  passive  ; 
mixer  stage.  The  YIG  filter  provides  at  least  45  dB  attenuation  to  the  LO  and 
spurious  mixer  products.  Once  up-converted  and  filtered  the  transmit  signal  is  ^ 
amplified  by  a factor  of  45  dB  in  the  pre-amp,  driver  and  power  amplifier  stages 
for  a minimum  transmit  power  of  3 watts. 

I 

The  local  oscillator  system  utilizes  an  oscillator -multiplier  configuration  j 
and  achieves  the  necessary  stability.  A crystal  oscillator  with  an  output  freq-  j 
uency  of  51.25  ^Wz  serves  as  the  frequency  standard.  This  frequency  is  sequential] 
multiplied  with  active  and  passive  chip  multiplier  stages  to  produce  an  LO  of  ^ 
1691  KHz.  Harmonic  filtering  is  achieved  initially  via  a miniature  filter  ; 
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TABLE  4.1.1  REDUCED-SIZE  PACKET  RADIO  RF 
SECTION  PERFORMANCE 


TRANSMITTER 

Frequency  MHz  bandwidth) 
Power  Output 
Spurious  Outputs 

RECEIVER 

Frequency  (20  MHz  bandwidth) 
Noise  Figure 
Image  Rejection 
RF/IF  Gain 
IF  Frequency 

LOCAL  OSCILLATOR  SYSTEM 

Frequency 
Power  Output 
Spurious  Outputs 


1758  MHz 

3 watts  (minimum) 

> 50  dB  below  carrier 


1758  MHz 
8 dB 

60  dB  (minimum) 
15  dB  (minimum) 
67  MHz 


1691  MHz 
0 dBm  (minimum) 
> 50  dB  below 
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structure  utilizing  monolithic  chip  inductors  and  MOS  capacitors.  A 4-pole 
YIG  filter  provides  final  filtering  prior  to  injection  to  the  mixer.  The 
12.8  MHz  chip  clock  is  derived  from  the  crystal  by  dividing  down. 


Table  4.1.1  summarizes  the  performance  measures  of  the  RF  section  of  a 
reduced  power,  single  channel,  20  MHz  bandwidth,  single  data  rate  packet  radio. 

4.2  Digital  Section  Description 

Progress  toward  miniaturization  in  digital  electronics  has  been  significant. 

The  number  of  circuits  per  unit  area  almost  doubles  each  year.  Transistor  gates 
can  now  be  realized  in  less  than  5 square  mils,  providing  thousands  of  devices 

per  chip.  Chip  densities  are  expected  to  continue  to  increase  [1].  j 

« 

« 

Large-scale  integrated  circuit  chip  sizes;  i.e.,  most  single  chip  micro-  j 

processors,  are  on  the  order  of  200  X 200  mils.  This  is  considered  a large  chip  I 

in  today's  integrated  circuit  technology.  It  has  been  observed  that  chip  yield  | 
falls  off  at  a less  than  exponential  rate  as  active  area  increases  [2].  There  is  ; 
no  fundamental  reason  why  yield  should  not  be  100  percent;  for  every  rejected 
circuit  represents  a flaw  that  theoretically  could  have  been  avoided  [3]. 

Improvements  in  fabrication  and  processing  procedures  are  expected  to  decrease 
defect  densities  and  thereby  improve  yield  and  allow  larger  and  larger  integrated 
circuit  chips.  As  a result,  the  implementation  of  digital  functions  in  packet 
radio  is  not  viewed  as  an  impediment  to  size  reduction.  It  is  not  at  all  un- 
reasonable to  assume  that  at  some  point  in  time  all  the  digital  functions  in  packet  ^ 
radio  can  be  realized  on  a single  monolithic  integrated  circuit  chip.  j 

Current  technology  in  digital  electronics  will  allow  all  the  digital  functions 
necessary  for  control  and  processing  and  in  a reduced-size  packet  radio  terminal 
to  be  implem^'nted  in  volume  of  less  than  2 cubic  inches  and  consume  less  than  one 
watt  of  power.  Although  not  able  to  boast  of  the  density  or  speed  of  the  other 
technologies,  complimentary-metal -oxide  semiconductor^  (CMOS)  technology  has  the 
lowest  power  consumption.  As  the  importance  of  power  consumption  in  a reduced- 
size  packet  radio  is  paramount,  the  entire  digital  section  in  packet  radio  is 


envisioned  to  be  implemented  in  CMOS.  Where  the  speed  of  CMOS  will  not  suffice, 
CMOS  sill  con-on-sapphire  would  be  employed,  since  operation  above  40  MHz  has 
been  reported  for  this  technology  [4]. 

A single  chip  CMOS  microprocessor  from  RCA  has  the  following  characteristics: 

1)  word  length  - 8 bits 

2)  machine  cycle  time  - less  than  4 ys 

3)  average  power  consumption  - 60  mw 

4)  supply  voltage  - 5 volts 

5)  on  chip  DMA  channel 

CMOS  random  access  memory  (RAM)  and  CMOS  read  only  memory  (ROM)  hsve  power 
consumptions  on  the  order  of  50  nanowatts  per  bit  in  the  standby  mode  and  15 
microwatts  per  bit  during  operation.  Access  times  are  less  than  800  ns.  Current 
integration  level  for  CMOS  RAM  is  one  kilobit  per  chip.  However,  4 kilobit 
static  CMOS  memory  is  expected  to  appear  soon  [4].  Memory  consisting  of  4K  16- 
bit  ‘^ords  of  CMOS  RAM  and  IK  16-bit  words  of  CMOS  ROM  is  expected  to  consume  a 
maximum  of  200  mw  of  power. 

Other  necessary  digital  functions  such  as  address  decode,  timing  and  control, 
input-output  channel,  and  radio-digital  interfaces  can  be  implemented  in  CMOS 
with  an  estimated  power  consumption  less  than  500  mw.  The  resulting  20-22  chips 
could  be  integrated  using, hybrid  thick  or  thin  film  technology  to  arrive  at  a 
volume  of  less  than  2 cubic  inches. 

4 . 3 Power  Source 


The  estimated  requirements  on  the  power  source  is  five  watts  of  continuous 
power  plus  15  watts  of  peak  power  at  a 15%  duty  cycle  for  ten  hours.  A 65 
watt-hour  source  will  meet  this  requirement.  Supply  voltages  of  +15  and  +5  are 
needed. 

There  are  two  approaches  to  provide  the  necessary  voltages.  As  higher 
capacity  cells  tend  to  have  greater  energy  densities,  DC-to-DC  conversion  may 
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SEVEN  3.0  AH  CELLS 


FIGURE  4.3.1  POWER  SUPPLY  SYSTEM  USING  LITHIUM  CELLS 


appear  to  take  advantage  of  the  greater  energy  densities  of  higher  capacity 
cells  as  opposed  to  stacking  smaller  cells  to  achieve  the  supply  voltages. 

However,  the  poor  efficiency  of  DC-to-DC  converters  more  than  cancels  the 
increased  energy  density  high  voltage  cells  when  low  supply  voltages  are 
also  required. 

The  disadvantage  of  voltage  regulation  may  be  avoided  for  the  +5  volt  supply 
providing  power  to  the  digital  circuits  and  +15  volt  supply  providing  power  to 
the  power  amplifier,  and  since  the  supply  voltages  are  relatively  low,  the  most 
efficient  source  is  one  that  uses  the  stacking  arrangement.  Using  Lithium 
cells  (highest  energy  density  of  any  available  electrochemical  system)  the  power 
system  could  appear  as  shown  in  Figure  3.3.1.  Two  separate  supplies  are  shown. 

One  power  supply  provides  +19.6  volts  for  the  power  amplifier  and  +15  volts 
regulated  for  analog  circuitry.  As  the  nominal  voltage  of  Lithium  cells  is 
2.8  volts,  7 cells  of  3.0  AH  capacity  would  be  required.  The  second  power 
supply  would  provide  +5.6  volts  for  the  digital  circuitry  and  probably  not  need 
regulation.  Two  5.8  AH  cells  would  suffice.  The  estimated  size  of  this  approach 
to  a power  system  using  Lithium  cells  is  13  cubic  inches  and  weighing  about  13 
ounces.  This  supply  system  has  an  effective  energy  density  of  112  watt-hours/lb 

3 

or  7 watt-hours/in  . 

4.4  Antenna  Description 

The  antenna  for  the  reduced-size  packet  radio  must  be  compatible  with  package 
size  of  the  unit.  It  is  decirable  for  the  antenna  system  to  provide  as  much 
gain  as  possible,  consistent  with  the  constraint  that  size  of  the  antenna  system 
more  than  doubles  for  every  3 dB  increase  in  antenna  gain.  Omnidirectional 
and  directional  antennas  may  be  considered  for  a small  packet  radio.  Directional 
antennas  could  provide  increased  gain  in  a given  direction  to  offset  the  reduced 
range  of  a small  packet  radio. 

For  a vertically  polarized  omnidirectional  response,  a quarter-wave  mono- 
pole (about  2"  at  1800  MHz)  would  provide  about  1.5  dB  gain  above  an  isotropic 
source.  A single  half-wave  dipole  would  allow  a little  better  than  2 dBi  power 
gain  but  would  stand  9 inches  (incirling  RF  choke).  The  omnidirectional  gain 
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could  be  increais.  i stacking  dipoles  but  the  size  of  the  antenna  begins  to  grow 
very  fast.  For  example,  two  colinear  dipoles  would  give  5 dBi  gain  while  stand- 
ing 15  inches  or  more. 

The  most  practical  approach  to  a directional  antenna  for  a small  packet  radio 
appears  to  be  a half-wave  dipole  in  front  of  a ground  plane.  Figure  4.4.1 
illustrates  the  gain  and  half-power  beamwidth  characteristics  as  a function  of 
aperture  diameter  (effectively  the  ground  plane  size)  of  such  an  antenna. 

Better  than  6 dBi  gain  can  be  realized  for  an  aperture  diameter  of  one  wave- 
length. An  acceptable  beamwidth  of  better  than  70  degrees  can  also  be  obtained. 

If  the  ground  plane  diameter  is  reduced  to  the  order  of  a half-wave  length,  the 
gain  is  not  seriously  degraded;  however,  the  front-to-back  lobe  ratio  deteriorates. 

For  general  use  in  a mobile  environment,  an  omnidirectional  antenna  is 
recommended  due  to  the  random  nature  of  the  arrival  angle  of  the  received  signal; 
however,  for  a hand  held  application  not  requiring  operation  on  a moving  plat- 
fora,  a directional  antenna  compatible  with  small  size  can  be  used  to  extend  the 
operational  range  of  the  unit. 

4.5  Input/Output  Device  Description 

The  demands  on  the  input/output  capability  of  a small  packet  radio  intended 
for  terminal  operation  could  encompass  a broad  range  of  desirable  features.  That 
is,  the  terminal  device  provides  the  interface  between  the  user  and  the  packet 
radio  network.  A minimum  requirement  on  the  input/output  capability  of  a very 
small  packet  radio  would  be  a hand  calculator- type  keyboard  input  and  a display 
with  reasonable  character  capacity.  Clearly,  the  keyboard  should  allow  input 
of  all  alphanumeric  characters  in  addition  to  specific  operation  and  instructions 
to  the  packet  radio. 

The  display  for  packet  radio  should,  as  a minimum  requirement,  have  the 
capability  to  provide  a visual  representation  of  all  alphanumeric  characters. 

The  display  must  necessarily  be  small,  lightweight,  and  consume  small  amounts 
of  power.  Although  considerable  development  is  underway  in  various  display 
technologies,  only  light  emitting  diodes  (LED's)  and  liquid  crystal  displays 
(LCD’s)  appear  to  have  application  to  packet  radio  in  the  near  term. 


LED's  are  available  In  several  different  colors  (red,  orange,  yellow,  and 
green);  doubly  doped  junctions  can  emit  a variable  spectrum  depending  on  the 
level  of  the  drive  current.  In  addition,  LED's  have  microsecond  response  times, 
long  life,  and  operate  over  wide  temperature  ranges.  The  one  major  disadvantage 
of  LED  displays  Is  power  consumption  requirements  for  portable  applications. 
Although  Improvements  In  efficiency  and  lower  drive  currents  (from  a new  mil  11- 
amperes  down  to  0.1  to  0.5  ma  per  segment)  are  making  LED's  more  attractive  to 
low  power  applications  [1],  their  power  requirements  may  still  exclude  them  from 
use  in  very  small  packet  raolos. 

The  recent  announcement  by  Hewlett  Packard  of  success  In  fabricating  half 
Inch  square  monolithic  arrays  of  junction-isolated  Gallium-Arsenide  Phosphide 
diodes  is  a development  of  interest  [2].  Each  chip  contains  a 30  X 36  array  of 
LED's.  Assembling  four  chips  edge-to-edge  forms  a 1/2"  X 2"  display.  The 
complete  panel  can  continuously  display  36  alphanumeric  characters.  Consisting 
of  4328  diodes,  the  display  strobed  a 60  hertz  rate,  a column  at  a time  has  a 
maximum  dissipation  of  2 watts.  A display  appropriate  for  packet  radio  1/2"  X 4", 
would,  therefore,  consume  4 watts. 

Liquid  crystal  displays  are  passive;  that  Is,  they  are  light-modulating 
devices  and  must  depend  on  ambient  light  or  an  external  light  source  for  their 
operation.  Liquid  crystals  are  organic  compounds  (usually  a mixture  of  materials 
called  Butyl onl lines)  whose  molecules  are  usually  long  and  rod-like  In  shape 
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and  possess.  In  addition  to  the  solid  and  Isotropic  liquid  phases  of  normal 
liquids,  a third  phase  which  occurs  at  temperatures  between  those  associated 
with  the  solid  and  Isotropic  liquid  phases.  In  this  Intermediate  phase,  the 
liquid  crystal  flows  like  a liquid,  but  has  the  long-range  properties  of  a solid. 
The  liquid  crystal  display  Is  formed  by  confining  the  liquid  crystal  between  two 
glass  plates.  The  normal  liquid  crystal  thickness  Is  about  10  to  20  ym. 


The  single  most  attractive  feature  of  liquid  crystal  displays  Is  their  low 

power  consumption.  Typically,  the  dynamic  scattering  LCD  dissipates  0.1  to 
2 

1 mw/cm  at  drive  voltage  of  15  volts  at  30  Hz  [3].  The  twisted-neumatic  LCD 

2 

consumes  even  less,  about  1 pw/cm  . An  eighty-character  display  consisting  of 

2 lines  of  40  characters  would  consume  less  than  100  mw  of  power  [4]. 


Limitations  of  LCD's  include  relatively  short  life,  slow  response  times, 
narrow  temperature  range  and  the  need  for  a pure  AC  drive  signal.  LCD  lifetime 
has  shown  recent  improvements,  from  about  15,000  hours  up  to  about  50,000  hours  [1] 
An  average  DC  component  shortens  the  life  of  an  LCD.  LCD's  exhibit  response  times 
from  100  to  200  ms.  Since  the  response  time  is  related  to  the  material  viscosity, 
response  time  is  a strong  function  of  temperature.  The  slow  response  times  make 
multiplexing  LCD's  very  difficult.  The  operating  temperature  range  is  the  range 
of  temperatures  over  which  the  liquid  crystal  material  remains  an  anisotropic 
liquid.  This  range  is  normally  0-70“C. 

The  80-character  display  referred  to  above  would  be  expected  to  have 
dimensions  1"  X 4"  and  weigh  less  than  6 ounces. 

4.6  Summary 

To  summarize  the  description  of  the  hand-held  packet  radio  device.  Table  4.6.1 
shows  the  cubic  inch  volume  and  average  power  requirements  by  function  in 
the  packet  radio. 

Figure  4.6.1  illustrates  an  artist's  conception  of  the  device.  The  pro- 
jected weight  would  be  between  three  and  four  pounds  with  the  weight  concentrated 
in  the  power  source  attached  to  the  end  of  the  unit.  This  exercise  demonstrates 
that  a reasonable  solution  to  the  realization  of  a hand-held  packet  radio  of  the 
current  design  is  feasible  and  attainabl<i  with  today's  technology,  with  promise 
for  further  improvement  tomorrow. 
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TABLE  4.6  1 ESTIMATED  VOLUME  AND  POWER 
REQUIREMENTS 


Component 


Size  (Cubic  Inches)  Power  (Watts) 


Front  end  filter 

0.16 

- 

T/R  Switches  (3) 

0.18 

0.23 

Power  chain 

0.50 

12.70’ 

Rx  RF  amp 

0.10 

0.15 

Mixer 

0.65 

• 

RF  YIG 

0.45 

• 

LO  YIG 

0.45 

- 

LO  system 

0.45 

0.42 

TCXO  (LO) 

0.50 

.05 

Rx  Matched  filter 

0.50 

• 

Non-Coherent  AGC 

0.75 

0.50 

Tx  IF  amp 

0.05 

0.07’' 

Encoder/Modulator 

0.50 

0.50^ 

Data  detector 

0.10 

0.10 

Bit  Sync 

0.10 

0.50 

Digital  section 

2.0 

1.0 

a)  Microprocessor 

b)  4k  RAM  plus  Ik  ROM 

c)  Address  decode 

d)  Timing  control 

e)  I/O  channel 

Keyboard 

4.0 

- 

Display 

2.0 

0.10 

Power  Supply 

13.0 

- 

Total : 

,25.84 

3.05 

16.22* 


*Peak  power 
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